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Introduction and Overview1
 

In the past few decades great strides have been 
made in chemistry at the nanoscale, where the 
atomic granularity of matter and the exact 

positions of individual atoms are key determinants 
of structure and dynamics. Less attention, however, 
has been paid to the mesoscale—it is at this scale, in 
the range extending from large molecules (10 nm) 
through viruses to eukaryotic cells (10 microns), 
where interesting ensemble effects and the 
functionality that is critical to macroscopic 
phenomena begins to manifest itself and cannot be 
described by laws on the scale of atoms and 
molecules alone. Thus, mesoscale systems bridge the 
molecular and the macroscopic. The progress made 
in nanoscience can serve us well as we explore the 
mesoscale, as noted in a recent report for the Basic 
Energy Sciences Advisory Committee (BESAC) at 
the Department of Energy (DOE) (BESAC 
Subcommittee on Mesoscale Science 2012): “With 
our recently acquired knowledge of the rules of 
nature that govern the atomic and nanoscales, we are 
now well positioned to unravel and control the 
complexity that determines functionality at the 
mesoscale.” 

Understanding phenomena at the mesoscale 
presents opportunities for developing new 
functionality of materials and understanding of 
biological and interfacial systems, as well as 
challenges for analysis and description. As 
Whitesides et al. noted, “the distinctive properties of 

1 The planning committee’s role was limited to planning the 
workshop, and the workshop summary has been prepared by 
the workshop rapporteur as a factual summary of what 
occurred at the workshop. Statements, recommendations, and 
opinions expressed are those of individual presenters and 
participants and are not necessarily endorsed or verified by 
the National Research Council, and they should not be 
construed as reflecting any group consensus. 

mesoscale systems arise when the characteristic 
length of a process of interest, such as ballistic 
movement of an electron, excitation of a collective 
resonance by light, diffusion of a redox active 
molecule close to an electrode, or attachment and 
spreading of a eukaryotic cell is similar to a 
dimension of the structure in (or on) which it occurs. 
These processes involve interactions with many 
atoms or molecules rather than interactions with 
small, localized ensembles of atoms or molecules” 
(Kumar et al. 1995). 

The complexity of mesoscale systems is due to 
their collective and often nonlinear behavior, and 
their study requires new approaches to synthesis, 
fabrication, and analysis beyond those used to study 
the molecular and macroscopic realms. Some 
mesoscale structures, such as micelles and liquid 
crystals, are transient yet thermodynamically stable, 
while others, particularly those from the biological 
world such as folded proteins, the capsids of viruses, 
and the calcium carbonate in mollusk shells, are 
longer lived. 

Jennifer Curtis, Distinguished Professor of 
Chemical Engineering and Associate Dean for 
Research in the College of Engineering at the 
University of Florida, co-chair of the Chemical 
Sciences Roundtable (CSR), and a member of the 
workshop organizing committee, explained that the 
DOE BESAC report and other ad hoc workshops on 
the mesoscale have had more of a materials science 
focus rather than a chemistry focus. To explore how 
knowledge about mesoscale phenomena can affect 
chemical research and development activities and 
vice versa, the CSR decided to organize and convene 
a day-and-a-half workshop on mesoscale chemistry 
with the following statement of task: 

1 




  

 
 

 

 
 

 

 

 
 

 
 

 
 

 

 

 

 

 
 
 

 

 
  

 
  

 

   

 
 

 
 

 
 

 
 

  
 

 
 

 
 

 

 
 

 
  

 

2 MESOSCALE CHEMISTRY: A WORKSHOP SUMMARY 

An ad hoc committee will plan and 
conduct a public workshop in November 
2014 in Washington, DC. Advances in 
theoretical, computational, synthetic, and 
analytical techniques have supported the 
extension of research into the study and 
development of mesoscale structures and 
processes. In the nanoscale to microscale 
size range, interesting ensemble effects exist 
that present opportunities for developing 
new functionality of materials, and 
understanding of biological systems and 
interfacial systems, as well as challenges for 
analysis and description. 

This 1.5-day symposium will focus on 
the research on chemical phenomena at the 
mesoscale, and participants will be invited 
to actively participate in discussions 
responding to panels of speakers to identify 
opportunities and challenges in chemical 
and chemical engineering research at the 
mesoscale with a particular focus on 
collective and emergent behaviors at this 
scale. Questions considered during the 
workshop will include the following: 

 What is the current state of the art of 
research at the mesoscale in chemistry 
and chemical engineering? 
 What is the particular value to chemists 

and chemical engineers of studying and 
exploiting individual and collective 
behaviors at this scale? 
 What opportunities and challenges exist 

for research in this area? 

The workshop held November 6-7, 2014, in 
Washington, DC, focused on exploring the collective 
and emergent behaviors at the mesoscale. 
Participants examined the opportunities that utilizing 
those behaviors can have for developing new 
catalysts, adding new functionality to materials, and 
increasing our understanding of biological and 
interfacial systems. The workshop also highlighted 
some of the challenges for analysis and description 
of mesoscale structures. It is the hope of the CSR 
that, as the interest in mesoscale chemistry continues 
to grow, this workshop will provide a snapshot of 
the current research on chemical phenomena at the 
mesoscale and will provide inspiration for ideas for 
research and research programs. Over the course of 

the workshop, a few important points were raised 
repeatedly by various participants. These points are 
as follows: 

 There exists a lack of broadly applicable 
theoretical and conceptual frameworks for 
understanding and predicting phenomena at the 
mesoscale. 
 Studying molecular-level interactions using both 

theoretical and empirical tools is useful to 
understand and improve our ability to 
adequately describe mesoscale phenomena. 
 A distinguishing aspect of mesoscale chemistry 

research is the need to understand and 
investigate a system as a whole as opposed to 
breaking down the system into discrete parts. 
 Metastable and nonequilibrium phenomena have 

a larger effect at the mesoscale than at other 
length scales. 
 Gaps remain in the understanding of the 

emergence of structure and/or function through 
collective interactions and motion. 
 Entropy plays an increasingly important role in 

describing behavior at the mesoscale. 
 Having fine control over these states in the 

laboratory is a continuing challenge. 
 Modeling and measurement challenges are 

presented by the stable or metastable states that 
exist at the mesoscale. 

ORGANIZATION OF THE SUMMARY 

This publication summarizes the presentations 
and discussions that occurred throughout the 
workshop (see Appendix A for the agenda), 
highlighting the key lessons presented and the 
resulting discussions among the workshop 
participants (see Appendix D for a list of attendees). 
Chapter 2 presents an overview of mesoscale 
phenomena and how they bridge the behavior of 
atomic, molecular, and nanoscale structures and 
those of the macroscopic world. Chapter 3 discusses 
the role that mesoscale phenomena play in catalysis 
and how those phenomena can inform strategies for 
synthesizing and stabilizing catalysts. Chapter 4 
examines membrane behavior as a function of 
mesoscale interactions and how the ability to 
manipulate ensemble-scale phenomena may lead to 
the development of novel microchemical systems. 
Chapter 5 recounts the presentations and discussions 



 

 

 

 
 

 

 
 

  

 
 

 

 

 

 

 

3 INTRODUCTION AND OVERVIEW 

on the mesoscale aspects of biomineralization and 
geochemical systems, as well as the development of 
microanalytical tools to probe geochemical 
heterogeneity and interpret the geochemical record 
on, within, and beyond Earth. Chapter 6 describes 
some of the computational approaches that are being 
used to better understand mesoscale phenomena and 
design novel materials and protein complexes, 
improve solar energy conversion, and represent 
thermodynamic properties of molecular ensembles.  

In accordance with the policies of the National 
Research Council, the workshop did not attempt to 
establish any conclusions or recommendations about 

needs and future directions and focused instead on 
issues identified by the speakers and workshop 
participants. The beginning of each chapter contains 
a list of key points. These key points reflect 
statements made by speakers and participants at the 
event and do not reflect a consensus view of the 
Roundtable or the National Research Council. The 
organizing committee’s role was limited to planning 
the workshop. The workshop summary has been 
prepared by workshop rapporteurs Kathryn Hughes, 
Camly Tran, and Joe Alper as a factual summary of 
what occurred at the workshop. 



 



 

 
 
 

 
 
 

 
 

  

 

 

 

 
 

  

 
 

 

 
 
 
 
 

 
 

 
 
 
 
 
 

 

 

 
 

 
 

2 


Growing (Up) from the Nanoscale to the Mesoscale 


Key Points 
	 Mesoscale studies benefit from the experimental, theoretical, and simulation tools developed to 

explore nanoscale phenomena and build the field of nanotechnology. These studies also benefit 
from the expertise and knowledge base acquired over decades of semiconductor manufacturing, 
from a century or more of advances in synthetic chemistry, and from the biotechnology and 
molecular biology revolution. 

	 Following the dynamics of these systems and understanding how they evolve at the mesoscale is 
important, not at the level of each and every atom or molecule, but at a level that will provide 
useful insights. 

	 It is also important—and challenging—to understand the role of heterogeneity at the mesoscale. 
The ability to control chemical functionality is a key to mesoscale studies because that will in turn 
control and tune the interactions and interfaces at the mesoscale in ways that can be used to 
couple materials together to develop new capabilities.  

	 Chemists have used their tools to design building blocks that can be put together to create larger 
structures in ways that provide specific control over molecular interactions and interfaces. Thus 
they can study and investigate these phenomena at the mesoscale and develop a theoretical 
understanding of how mesoscale properties emerge. 

In a plenary session to start the workshop, Paul 
Weiss, Distinguished Professor of Chemistry and 
Biochemistry and of Materials Science and 

Engineering, and the Fred Kavli Chair in 
NanoSystems Sciences at the University of 
California, Los Angeles, described the defining 
chemical, physical, optical, mechanical, and 
electronic properties of surfaces and supramolecular 
assemblies and discussed the cooperative behavior 
observed between functional molecules. He 
explained that there are two ways to approach the 
mesoscale, just as there is the nanoscale—from the 
bottom up or from the top down—though in the 
mesoscale, the requirements for precision in 
measurement and synthesis are more relaxed than 
they are when operating at the nanoscale. For 
example, when looking at the statistical and 
ensemble properties at the mesoscale or at 
cooperative effects across different regions or 

materials in a mesoscale structure, there are some 
details that can be ignored or minimized without 
sacrificing precision in describing the phenomena 
that are occurring in a given system. The two 
approaches are complementary, however, and Weiss 
noted that mesoscale studies are benefiting from the 
experimental, theoretical, and simulation tools 
developed to explore nanoscale phenomena and 
build the field of nanotechnology, as well as from 
the expertise and knowledge base acquired over 
decades of semiconductor manufacturing, from a 
century or more of advances in synthetic chemistry, 
and from the biotechnology and molecular biology 
revolution. 

Weiss explored many key components of 
mesoscale phenomena: granularity, defects, energy 
quantization, collective behavior, fluctuations and 
variations, interacting degrees of freedom, and 
structural and dynamical heterogeneity. At the 

5 




  

 
 

 

 
 
 

  
  

 
 
 
 

 

 

 
 
 

 

 

 

 
 

 

 

 

 
 
 

 

 

 
 

 
 

 

  

 

 
 

 
 

 

 

 
 

 

 

6 MESOSCALE CHEMISTRY: A WORKSHOP SUMMARY 

mesoscale, these components play important roles in 
determining the band structure of conductors and 
semiconductors and are important to understand for 
creating photonic, plasmonic, spintronic, and 
metamaterials. Collective effects, such as 
superconductivity, ferroelectricity, and 
piezoelectricity, also result from interactions 
occurring at the mesoscale. 

One important challenge in studying mesoscale 
collective effects is accounting for heterogeneity and 
fluctuations. “We want to understand these, and we 
do not want to say that there’s an ensemble 
distribution,” said Weiss, because in studying these 
systems, “heterogeneity turns out to be critically 
important.” Using the human immunodeficiency 
virus as an example of a structure that fits between 
the nanoscale and microscale, he explained that there 
are many repeated patterns in the structure of a virus, 
but there is also a great complexity of extreme 
importance found in the details of the encoded 
genome of the virus, in the variations and 
fluctuations in that genome, and in their effects on 
billions of people worldwide.  

When working at the nanoscale, said Weiss, it is 
possible to exercise exquisite control over the 
position of every atom, but working at the mesoscale 
requires giving up that kind of control and instead 
embracing the granularity of structures at this scale. 
He noted that this is where techniques developed in 
the 1990s by the semiconductor industry could prove 
valuable for developing and studying mesoscale 
structures and that there are many unused 
semiconductor foundries built to produce earlier-
generation computer chips that could be turned to 
this work. At a time when research in chip design 
and development was pushing the boundaries of 
Moore’s Law to ever smaller scales, there were 
advantages, Weiss explained, in backing away from 
those boundaries and working on a broader range of 
materials. As he put it, nobody will complain about 
the exact placement of impurities in a semiconductor 
when working at the mesoscale. Techniques such as 
soft lithography, microcontact printing (Dameron et 
al. 2005, Love et al. 2002), dip-pen lithography 
(Hong, Zhu, and Mirkin 1999), and chemical lift-off 
lithography (Liao et al. 2012), which work well at 
the 100-nanometer scale but can also work at the 
centimeter scale, are proving useful in creating 
structures at the mesoscale. However, they are not 
applicable for creating the latest semiconductor 
structures. He stressed that the ability to control 

chemical functionality is the key to this work 
because that will in turn control and tune the 
interactions and interfaces at the mesoscale in ways 
that can be used to couple materials together to 
develop new capabilities.  

Working at the mesoscale and the averaging that 
comes with that does mean giving up some details. 
For example, x-ray data from crystals of DNA led to 
deducing the double-helix structure of DNA, but it 
would not provide any information on the sequence 
of bases. One of the surprises from the Human 
Genome Project, Weiss noted, was that though there 
are a million different proteins that are present in 
human beings, there are only about 21,000 genes to 
provide that coding. Sequencing alone does not 
reveal the mechanisms by which this complexity is 
achieved, and there are lessons to be learned by 
studying this system about how “mix-and-match” 
systems can create such a variety of results. As an 
aside, he reminded the workshop that the U.S. 
government’s investment in the Human Genome 
Project has generated outsized returns in terms of 
economic activity and gains in personal income, and 
that mesoscale science has the same potential for 
return on investment. 

Returning to the subject at hand, Weiss also 
reminded the workshop participants that it is 
important when making materials at the mesoscale 
to keep in mind the desired function of those 
materials and the phenomena that need to be 
measured. “There’s this beautiful interplay taking 
place now in nanoscience and nanotechnology where 
we build devices in order to understand properties. I 
think the same is going to be extremely true of the 
mesoscale,” he said. “What can we build that will 
give us feedback about the key components in terms 
of structure, function, spectra, and so forth?” 

Working from a chemistry-based perspective in 
both the nano- and mesoscale provides useful 
insights, especially when coupled with tools and 
knowledge drawn from other fields. In 
nanotechnology, researchers have already learned to 
bridge the communication gaps among chemists, 
physicists, material scientists, biologists, clinicians, 
mathematicians, computer scientists, and others to 
exchange ideas and benefit from each other’s 
expertise. Chemists, meanwhile, have used their 
tools to design building blocks that can be put 
together to create larger structures in ways that 
provide specific control over molecular interactions 
and interfaces to study and investigate these 



 

 
 

 
 

 

 

 

 

 
 

 

  
 

 

 
 

 
 

 
 

  

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 
 

  
 

 
 

  

 

 

 
 
 

 

 

7 GROWING (UP) FROM THE NANOSCALE TO THE MESOSCALE 

phenomena. The construction of colloidal fullerene 
crystals with precise structures (Claridge et al. 2009) 
supports that idea, said Weiss, as does the work that 
his group did using various inorganic building 
blocks and linkers to create zero-, one-, two-, and 
three-dimensional materials with well-defined band 
gaps. Using tools and understanding from other 
fields, his group could predict the values of these 
band gaps from an understanding of the properties of 
the linker’s electronic structure. “From very simple 
rules of thumb, we could predict the properties of the 
materials,” said Weiss. The reason for that 
predictability, he explained, is that the interactions 
between the different components in these systems 
are relatively weak because of the way the linkers 
hold the different components apart from one 
another. Using chemistry, it is possible to create 
additional clusters and materials that can in turn 
inform the theoretical understanding of how 
mesoscale properties emerge and to test those 
theories. Weiss built on this example of the benefit 
of chemistry as part of an interdisciplinary approach 
to research at the mesoscale with a few more 
examples. 

Turning to the subject of defects, Weiss 
explained that they can be exploited for patterning 
but that they can also lead to pattern dissolution. In 
early studies of mesoscale defects, he and his 
colleagues showed that mesoscale systems using 
self-assembled monolayers are never at equilibrium 
but that the defects can be guided to a specific 
location and with a specific density and then frozen 
at the place (Weiss 2008). “We could annihilate 
things such as substrate vacancy islands and voids 
and step edges by adding more molecules to the 
matrix, by allowing flow to get rid of those defects, 
and by filling in the kinds of defects we didn’t 
want,” he explained. The defects that remained were 
ones that could be used to insert functional 
components into the material, and these functional 
components could be observed and measured using 
either scanning tunneling microscopy or 
spectroscopic methods (Zheng et al. 2013). 

Studies of carboranes—molecules in which the 
carbon atoms are hexacoordinate rather than 
tetracoordinate and are therefore electron deficient— 
demonstrate one aspect of the kind of control that 
can be achieved over mesoscale structures. 
Placement of the carbon atoms in these materials 
determines the direction of the dipole in the 
carborane molecule. When these cage molecules 

self-assemble in monolayers, they can have the 
dipole oriented parallel or perpendicular to the 
material surface (Figure 2-1), which creates either 
polar or nonpolar structures (Hohman et al. 2009) 
that can in turn be mixed to create organoelectronics 
with controlled interfacial energy (Kim, J., et al. 
2014). Weiss and his colleagues have learned how to 
control the average surface charge of these self-
assembled monolayers to create “essentially perfect 
band alignment while preserving an important 
property of the polymer—how it wets.” In contrast, 
the typical approach to modify surface charge is to 
use partial fluorination, but this changes the wetting 
property of the polymer and the morphology of the 
active layer. 

Weiss noted that it is possible to measure buried 
dipoles in these systems. In one set of experiments, 
his group wanted to know if aligned dipoles are 
responsible for the competitive advantage of the 
nonpolar surface and, in fact, aligned dipoles do 
create a defect-tolerant system. Spectroscopic 
measurements and mathematical analysis showed 
that the dipole interaction occurs over a long enough 
range to create a two-dimensional ferroelectric 
system. “If we only had neighbor–neighbor 
interactions, that would be classically forbidden,” 
explained Weiss. Instead, these mesoscale 
interactions allow the molecules to cross step edges 
that are a couple of angstroms high and cross 
domain boundaries that are offset by a couple of 
angstroms. The result is that these self-assembled 
monolayers have large regions where the dipoles are 
aligned even when there are defects that would 
normally prevent such alignment from occurring. 

In his final remarks, Weiss drew some lessons 
from nanotechnology to comment on the type of 
tools that need to be developed and applied to 
understand mesoscale phenomena. In 
nanotechnology, he said, there were structural tools 
that let researchers observe and control the 
placement of individual atoms and molecules to 
develop some predictive rules regarding structure 
and function at the nanoscale. “What we learned, 
and what we are going to need to learn in the 
mesoscale, is structural control at multiple scales all 
at the same time. We’re going to need to associate 
those and use those as input for theory and 
simulations, and that’s going to ultimately give us 
control over chemical, physical, electronic, optical, 
and biological properties,” he said.  
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88 MESOSCCALE CHEMMISTRY: A WOORKSHOP SUUMMARY 


FFigure 2-1 The alignment of ddipoles on the surface of a sself-assembled monolayer haas an importantt impact on th e chemical 
pproperties of thhe resulting surrface. SOURCEE: Hohman et aal. (2009). Repprinted with pe ermission from ACS Nano. 

He also nnoted that whhile he did nnot talk aboutt 
ddynamics, it is going to  be importaant to followw 
ddynamics andd understand hhow these syystems evolvee 
aat the mesosccale, not at thhe level of eaach and everyy 
aatom or moleecule but at a level that will providee 
uuseful insights. He predicteed that matheematical toolss 
wwill be usefull in this regarrd. The abilitty to measuree 
aand detect rarre events in mesoscale sttructures willl 
aalso be imporrtant, particullarly for deveeloping novell 
ccatalysts, wheere rare strucctures are offten the oness 
that have the largest catallytic activity. “One of thee 
kkeys there is ggoing to be fifiguring out wwhat those aree 
aand guiding thhe system intoo those areas,,” said Weiss.. 
HHe concludedd his talk with the predicction that thee 
tools needed to understandd the mesosc ale are goingg 
to be compliccated and it wwill be necesssary to piecee 
together inforrmation in a way that doees not requiree 
kknowing the pposition and function of eevery atom inn 
these structurees. 

DDISCUSSIO N 

In responsse to a questioon about the field’s abilityy 
to create weell-defined mmesoscale syystems at aa 
ccommercial sccale, Weiss saaid roll printi ng of organicc 
eelectronics is  an examplee of mesoscaale structuress 
bbeing producced at scale. However, hhe noted thatt 
mmuch of the wwork with orgganic electronnics has beenn 
eempirical rathher than driveen by predictiions based onn 
wwell-formulated theory, annd this is ann area wheree 
mmesoscale research couuld producee significantt 
aadvances in terms of understanding how too 
intentionally control cchemical annd polymerr 
pproperties to pproduce speciific propertiess. 

Weiss theen addressed the issue of metastabilityy 
aat the mesosccale. He statted that whenn researcherss 

weree first performming chemicaal conversionns on self­
assemmbled monoolayers, they would use the most 
vigoorous chemicaal reactions tthey could finnd so that 
thesee conversionns would go to completiion. That, 
however, turned out to be a bad idea beecause the 
monnolayers wouuld anneal. WWhat was neeeded, he 
explained, was too develop chhemistry that preserves 
metaastable structuures and yet goes to commpletion or 
to deevelop methoods of only caarrying out ch hemistry at 
defeccts. These ssystems, he said, are mmetastable 
systeems, not equiilibrium systeems, and it is necessary 
to prreserve that metastabilityy to produce materials 
withh novel and usseful propertiees. 
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Catalysis 


Key Points 
	 Confinement and control of local environments are essential features of development of 

functional catalysts, and chemists can provide this control by using both chemical and biological 
approaches to modify mesoscale parameters. 

	 Controlling the environment surrounding the active sites of catalysts within constrained 
environments has proved to be difficult, as is the understanding of the effects that the reaction 
products have on a constrained environment inside a pore. 

	 For native enzymes and synthesized catalytic mimics, the outer coordination sphere plays a 
critical role in determining reactivity. Large, dynamic changes in the ligands around an active site 
can result in changes in the reactivity of functional groups in other parts of the protein. 

	 There are many opportunities within modeling to address mesoscale phenomena and to develop 
new theoretical paradigms for examining mesoscale regimes within different types of catalysts. 
Such work would be particularly valuable for understanding mesoscale heterogeneity, 
fluctuations, and transport effects. 

	 Heterogeneity and long-range interactions, which had not been factored into modeling studies 
until recently, are important for generating catalytic activity. 

	 The role of entropy in driving the reactions at the mesoscale is recognized as important but not 
yet well understood, raising a challenge that needs to be addressed. 

	 The tools available in mechanical engineering, fluid control, and synthesis provide a greater 
ability to design structures with varying pore diameters and shapes to create catalysts reliably for 
specific functions, but key synthetic challenges remain.  

	 Processes developed for the semiconductor industry, such as atomic layer deposition, are being 
employed to build mesoscale catalyst structures via a bottom-up strategy. 

The workshop’s first panel session featured five 
presentations on various aspects of how 
mesoscale chemistry is important for catalysis. 

Andrew Borovik, Professor of Chemistry at the 
University of California, Irvine, described the 
architectural features within local environments that 
are instrumental in regulating function at a catalytic 
center. Wendy Shaw, Scientist in the Physical 
Sciences Division at the Pacific Northwest National 
Laboratory (PNNL), discussed how an 
understanding of the interactions between an 
enzyme’s protein scaffold and its catalytic active site 
can inform efforts to improve molecular catalysts. Yi 

Lu, the Jay and Ann Schenck Professor of Chemistry 
at the University of Illinois, Urbana-Champaign, 
presented an example of how to elucidate and 
employ key features of mesoscale biocatalysis for 
designing artificial enzymes with catalytic 
efficiencies similar to that of native enzymes. 
Cynthia Jenks, Assistant Director for Scientific 
Planning and Division Director of Chemical and 
Biological Sciences at the Ames Laboratory, focused 
on hybrid multifunctional systems and their use in 
modulating catalytic activity and selectively 
controlling accessibility of an active site to reactants. 
She also discussed design concepts based on 
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10 MESOSCALE CHEMISTRY: A WORKSHOP SUMMARY 

mesoscale phenomena for tandem catalysts. Peter 
Stair, the John G. Searle Professor of Chemistry and 
Chair of the Chemistry Department at Northwestern 
University, concluded the presentations by 
reviewing two basic approaches to synthesizing 
mesoscale catalysts and then focusing on strategies 
for molecular and atomic assembly on solid 
platforms to create new catalysts. A panel 
discussion, moderated by session chair Bruce 
Garrett, Director of the Physical Sciences Division at 
the PNNL and a member of the workshop organizing 
committee, followed the five presentations. 

ARCHITECTURAL COMPLEXITY AT THE 
MOLECULAR LEVEL 

To start his presentation, Andrew Borovik 
showed images of four enzymes containing metal 
cofactors that are essential for their enzymatic 
activity and noted two key features shared by these 
enzymes. The first is that if the metal cofactors were 
removed from the active site, the chemistry these 
enzymes would perform would be pedestrian at best 
and of almost no use to chemists. “But when we 
insert these cofactors into the active site, they 
perform remarkable chemistry, efficient, robust, 
selective chemistry that as a synthetic chemist who 
tries to make catalysts, I have an amazingly difficult 
time to achieve,” said Borovik. The second 
important feature is that key forces or interactions 
that control the local environments around the metal 
atom cofactors are noncovalent.  

These two features are not found solely in 
biology, however, and Borovik showed an example 
of a porous organic host that his group has 
synthesized (Sharma and Borovik 2000). It is able to 
bind and release oxygen using a confined cobalt 
atom within a suitable molecular complex. He also 
described a relatively simple copper complex that, 
when embedded within a zeolite, had very high 
activity as an oxidation catalyst for converting 
methane to methanol. He characterized this reaction 
as one of the most difficult chemical transformations 
to accomplish (Woertink et al. 2009). The lesson 
from these two examples, he said, is that 
confinement and control of local environments are 
essential properties for developing functional 
catalysts, and that the main challenge for chemists 
aiming to manipulate these two properties is to 
control noncovalent interactions. The key question, 

he said, is “How can you design something to 
promote these intramolecular processes in order to 
promote overall function?” 

To illustrate this challenge, Borovik focused on 
a simple reaction—the oxidation of water to form 
oxygen—and the biological construct that promotes 
this reaction. The molecular complex that 
accomplishes this reaction in nature is called 
Photosystem II, and it orchestrates the movement of 
eight different particles with specific timing to 
catalyze this reaction, which lies at the heart of 
photosynthesis. Photosystem II is a large membrane-
bound protein complex whose active site structure 
was solved in 2011 (Umena et al. 2011), revealing 
the arrangement of metal atoms within the active site 
and providing important information about how 
water is oxidized to molecular oxygen. There are 
four manganese centers and one calcium center that 
are surrounded by a rich network of hydrogen bonds 
which extends beyond the active site (Figure 3-1). 
While many of the steps of the water oxidation 
reaction are known, the details of the key step of 
generating the oxygen–oxygen bond are still largely 
a mystery. Identifying those details will likely 
depend on computational methods to provide some 
mechanistic insights. 

One thought regarding potential mechanisms for 
the reaction, said Borovik, is that one of the 
manganese centers becomes highly oxidized, making 
it “amazingly electron deficient” and capable of 
forming a high-energy oxygen intermediate that can 
react with one of the water molecules in the active 
site to create molecular oxygen. That mechanism, 
however, would require chemistry that has not ever 
been observed in the laboratory. To explore possible 
mechanisms, Borovik and his colleagues have been 
creating small organic constructs that can bind metal 
ions and promote intermolecular hydrogen bonding 
networks similar to those in the active site of 
Photosystem II. These can then be used to study 
fundamental properties such as proton and electron 
flow, and findings of these studies can then be 
applied to the creation of synthetic catalysts. 

One such organic construct contains a metal 
binding pocket and several nearby amine groups to 
promote intermolecular hydrogen bonding. 
Borovik’s research group has created a number of 
versions of this molecule with different functionality 
and obtained both structural data using x-ray 
diffraction and spectroscopic data to follow electron 
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CCATALYSIS 11
 

FFigure 3-1 The ooxygen-evolvi ng complex off Photosystem II. SOURCE: CCook and Boroovik (2013). RReprinted with ppermission 
ffrom Nature Chhemistry. 

transfer and proton movvement. Theese data aree 
ssupporting the develoopment of a betterr 
uunderstandingg of the thermmodynamics annd kinetics off 
the oxidationn reaction annd how the key reactivee 
intermediate ccould form in a biological active site. 

Another kkey question his group iss exploring iss 
the role the calcium atooms play inn active sitee 
ffunction. To eexamine this question, theey redesignedd 
the active sitee in a constrruct to promoote hydrogenn 
bbond formatioon and to incclude both maanganese andd 
ccalcium in thee active site, wwhich would resemble thee 
aactive site of Photosystemm II (Figure 3-2). The nextt 
sstep, he expplained, is first to intrroduce moree 
mmanganese attoms into thhis complex followed byy 
wwater molecules to see if tthe resulting complex willl 
ooxidize water to molecular oxygen. 

Borovik aand his colleeagues are allso exploringg 
wways of modiifying their ssmall molecu le complexess 
to move prot ons out of thhe active sitee. One of thee 
mmolecules theey created wass able to catalyze a relatedd 
rreaction that reduces moleecular oxygenn to water att 
rroom temper ature. “This just shows you that byy 
cchanging the local enviroonment and mmanaging thee 
pprotons that we can actuually install nnew catalyticc 
ffunction in ouur systems,” Borovik saidd. Taking thiss 
wwork to the next scale, hhis team is nnow insertingg 
these metal–oorganic compllexes into largger structuress 
ssuch as the Sttreptavidin prrotein compleex. This workk 

takess advantage oof the interfaace between ttwo of the 
Strepptavidin subuunits, known as the vestibuule, and is 
attemmpting to tunne the local ennvironment aaround the 
vestiibule to alter the mesoscalle interactionns in order 
to obbserve the efffect of those eenvironmentaal changes 
on innserted metall–organic commplexes. Reccently, his 
teamm created a sttructure that connects twoo spatially 
sepaarate copper complexes——one boundd to each 
Strepptavidin subuunit—via a wwater channel.. “We can 
now combine chhemistry and biology andd in some 
cases genetics too create mo difications wwithin the 
vestiibule to conntrol the locaal environmeent,” said 
Boroovik in closing. “The ultimate gooal is to 
undeerstand how these weakk interactionns control 
funcction and to mmake catalyst s that can doo the same 
kindd of transformmations that occcur in biologgy.” 

BRINGING MESSOSCALE PPROPERTIESS TO 
MOLLECULAR CCATALYSTS BBY ATTACH ING AN 
OUTTER COORDDINATION SPPHERE 

LLike Borovikk, Wendy SShaw is attemmpting to 
gain insights intoo catalytic fuunction by ccontrolling 
the environmentt around thee active site,, but her 
apprroach is to usse amino acidds and peptiddes. She is 
also studying aa different system—the e enzyme 
knowwn as hydroggenase, whicch converts pprotons to 
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112 MESOSCCALE CHEMMISTRY: A WOORKSHOP SUUMMARY 


FFigure 3-2 A mmolecular strucctural compariison between aa synthetic acctive site and that of the oxxygen-evolvingg complex. 
SSOURCE: Umeena et al. (20111). Reprinted wwith permissionn from Nature Chemistry. 

mmolecular hyddrogen and baack again. Hyydrogenase iss 
eextremely effficient at ccatalyzing thhis reaction,, 
ooperating at aa rate of 10,0000 conversionns per secondd 
aat less than 1100 millivoltss (mV) overppotential. Shee 
eexplained thatt overpotentiaal is a measurre of the extraa 
eenergy requireed to initiate tthe reaction, aand the lowerr 
the overpotential, the moree energeticallyy efficient thee 
rreaction. 

There aree multiple hy drogenases inn nature, andd 
the one Shaww studies haas two iron aatoms in thee 
aactive site aloong with penddant amine grroups that aree 
ppositioned suuch that they can bring hhydrogen intoo 
the active sitee for cleavagee or bring prootons togetherr 
to be releasedd as molecularr hydrogen. TThese pendantt 
aamines are critical for the enzymme’s efficientt 
ffunction, and Shaw noted there are no kknown activee 
ccatalysts that purely mimmic the activee site of thee 
eenzyme. She added that a colleague of hers hass 
ccreated activve site mimmics that reeproduce thee 
ffunction of the pendannt amines (Figure 3-3),, 
pproducing somme of the faastest hydroggen oxidationn 
ccatalysts knowwn; they operrate at 50 connversions perr 
ssecond and wwith a 400-mmV overpotenntial (DuBoiss 
22014). Neverrtheless, the underperformmance of thiss 
ssynthetic cat alyst relativee to the naative enzymee 
sshows that the complexityy of the outer coordinationn 

spheere is essentiaal to functionn. It is for thhis reason 
that she focuses her work onn introducing the outer 
coorrdination spheere to see if sshe can recap ture some 
of thhat complexityy and its funcction. 

TThe outer cooordination spphere of hyddrogenase, 
explained Shaw, controls mesoscale functioonality by 
creatting channelss that allow pprotons, hydrrogen gas, 
and electrons to rreach and leaave the activee site in a 
preciise way, in teerms of both llocation and ttiming. “It 
endss up being aa very orche strated proceess to get 
protoons and electtrons at the aactive site att the right 
timee to react,” saiid Shaw. She also noted thhat each of 
the lligands in the  hydrogenasee active site iss bound to 
metaals or hydrog en-bonded too another grouup around 
it, wwhich allows ffor the precisse control at an atomic 
levell around the active site. TThis hydrogenn bonding 
contrrols redox potentials annd the struccture and 
dieleectric potentiaals of the actiive site. Shaww said that 
theree are many thhings about tthe environm ent of the 
activve site that arre not yet unnderstood, butt that it is 
clearr that this envvironment is controlled byy the large 
nummber of functiional groups within the coomplex of 
20 ammino acids thhat surround tthe active sitee. 

LLigand dynammics also playys an importaant role in 
the aactive site’s catalytic acttivity. Large,, dynamic 
channges in the lligands arounnd an activee site can 
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CCATALYSIS 13
 

FFigure 3-3 Twoo mimics of thee iron–iron hyddrogenase: onee that reproducces the active ssite of the enzyme but is inaactive (left) 
aand one that inntroduces penddant amine funnctionality andd that is activee (right). SOUURCE: DuBoiss (2014). Reprrinted with 
ppermission fromm Inorganic Chhemistry. 

rresult in chaanges in thee reactivity oof functionall 
ggroups in othher parts of thhe protein, a phenomenonn 
kknown as alloostery. At the same time, thhere are manyy 
ssmaller, slowwer structural changes occcurring in thee 
vvicinity of th e active site that can conntrol the locall 
ddielectric andd structure aand cause thee enzyme too 
ccatalyze the reeverse reactioon. “That’s soomething thatt 
wwe don’t haave good ccontrol of iin molecularr 
ccatalysts,” saiid Shaw, whho said that tthe importantt 
lesson whenn consideringg all of thhe dynamicss 
ddescribed soo far is thhat the inteeraction andd 
ccooperativity of the activve site withh the proteinn 
sscaffold is neccessary to gennerate functioon. 

There aare many mesoscale features inn 
hhydrogenase and Shaw discussed how the study off 
oone of these ffeatures proviides evidencee of concertedd 
pproton and electron transfeer. Data fromm a molecularr 
ddynamics studdy looking aat motion as aa function off 
pprotonation sttate show thaat when the pprotein is in aa 
pprotonation state that is preferential ffor hydrogenn 
ooxidation, th ere is motioon at the mmouth of thee 
cchannel that fferried protonns out of the aactive site, ass 
wwell as at the redox partneer binding sitte (Ginovska--
PPangovska et al. 2014, MccCullagh andd Voth 2013).. 
HHowever, wheen the protonnation state chhanges to onee 
that favors hhydrogen pr oduction, motion at thee 
pproton channnel stops whhile motion aat the redoxx 
bbinding partnner increasess. “While thhis is by noo 
mmeans concluusive, it indicaates that the rredox partnerr 
bbinding regio n is sensitivee to what is happening inn 
the proton c hannel and is suggestivee of proton-­
ccoupled electrron transfer,” said Shaw. 

OOne challengge is to undeerstand how mmotion in 
one part of the ennzyme is drivving protonattion at the 
activve site or vicee versa, she said. Another challenge 
is to incorporate tthese kinds of allosteric innteractions 
into molecular catalysts, bboth to creaate novel 
catallysts and to better undeerstand how enzymes 
workk. There aare two ggeneral methhods for 
apprroaching the wwork, either ffrom the “top down” or 
the ““bottom up.”” A top-dow wn approach tto control 
mesooscale compleexity takes a molecular caatalyst and 
inserrts it into ann already formmed protein structure, 
suchh as the woork that Borrovik discusssed using 
Strepptavidin. Thee problem witth this approaach is that 
it prroduces a verry large moleecule that maay provide 
challlenges for stuudying and moodeling the syystem.  

SShaw has taaken a botttom-up approoach that 
beginns with a mo lecular catalyyst and uses ppeptides to 
buildd a scaffold that adds funnctional grouups to the 
outerr coordinatio n sphere. Shee started withh a nickel­
phossphorous-nitroogen hydroggen oxidationn catalyst 
and added variouus peptide-based outer coa oordination 
spheeres that reseemble the e nzyme but aare much 
smalller. The firsst construct sshe created tto oxidize 
hydrrogen operateed at three reaactions per second with 
an ooverpotential l of 900 mmV. Adding a proton 
channnel to movee protons moore quickly oout of the 
activve site reduceed the overpootential by 3000 mV—a 
30 ppercent improovement in eefficiency—bbut it also 
slowwed the reacti on rate slighttly (Lense et al. 2014). 
“I thhink this resullt captures thee idea of the mmesoscale 
in thhat you can inntroduce a feeature that yoou think is 
goinng to do onne thing and it does ssomething 
comppletely differ rent,” said Shaaw. 



  

 
 

 

 

 
 

   
 

 
 

 
 

 
 
 

 
 

 
 

 

 
 

 
 

 

 
 
 

 
 

 

 

 
 

  
 

 

 

 
 

 

 

 

 

14 MESOSCALE CHEMISTRY: A WORKSHOP SUMMARY 

The next step was to insert a glycine into the 
core catalyst and the result was “pretty interesting,” 
said Shaw. The resulting catalyst has a reaction rate 
that is competitive with the catalyst described 
previously but with a low overpotential that is 
competitive with what is seen in the enzyme. She 
credits a strategically positioned carboxylic acid 
group that can move a proton quickly between a 
nitrogen atom and an oxygen atom in the active site 
and allows for rapid proton transfer from the pendant 
amine (Dutta et al. 2013). Adding another proton 
relay using arginine instead of glycine, which adds 
guanidinium functionality in the outer coordination 
sphere, raises the overpotential slightly but increases 
the reaction rate by about an order of magnitude, she 
said (Dutta, Roberts, and Shaw 2014). 

While these results indicate that guanidiniums 
are enhancing catalysis, it is not clear how they are 
doing so. To answer that question, Shaw and her 
colleagues looked at the catalytic cycle and began to 
test possible steps in the cycle, including 
deprotonation followed by hydrogen addition. 
Beginning with the idea that deprotonation was the 
initial step—a step that would be independent of 
hydrogen concentration—she and her colleagues 
increased the hydrogen pressure and expected to see 
no change in rate as deprotonation would be the rate-
limiting step. In fact, they identified a linear 
dependence on hydrogen concentration, suggesting 
that the guanidiniums in the outer shell are in some 
way affecting hydrogen addition but not 
deprotonation. Subsequent experiments showed that 
there appears to be an arginine–arginine interaction 
within the protein that aids in catalysis. Shaw 
believes that the interaction between the two 
arginines helps stabilize the nickel-to-nitrogen 
distance slightly and that in turn is helping to 
facilitate hydrogen addition. 

Reversibility is a hallmark of enzymes and 
mesoscale interactions, and though Shaw and her 
colleagues had managed to create a fairly efficient 
molecular catalyst, this catalyst is not reversible at 
room temperature. Shaw credits a decrease in 
mesoscale interactions between the active site and 
the protein scaffold for the reversibility displayed by 
the native enzyme. However, when the molecularly 
catalyzed reaction was run at 40°C to 50°C instead 
of room temperature, the molecular catalyst was 
completely reversible just as it is in the enzymes. In 
light of those results, she and her colleagues 
hypothesized that if arginine stabilizes the 

guanidinium–guanidinium interaction, then pi–pi 
interactions, such as those introduced by 
phenylalanine or tyrosine, could provide similar 
stabilization. In fact, when Shaw and her team 
replaced the arginine with tyrosine, the result was a 
catalyst that operates reversibly at room temperature. 
“What’s exciting here is that we’ve made a pretty 
small change really far from the active site, and 
we’ve completely changed the reversibility of these 
complexes as well as the temperature at which it 
operates,” said Shaw. 

Going forward, Shaw and her colleagues plan to 
add more complexity by using peptides instead of 
amino acids in the outer shell and to employ 
computational methods to inform future designs. 
Computation, said Shaw, has the potential to predict 
structural stability and functional group positioning 
and to limit the experimental guessing that comes 
with trying to perform protein structure prediction. 
She noted that David Baker, a colleague at the 
University of Washington, made a structure 
prediction game that anyone can play on the 
Internet, and that work has identified two different 
solutions that look to be promising structures. She 
and her coworkers are doing some optimization 
work now, and she noted that they are at the point of 
introducing multiple functional groups to the system 
and seeing how those can control catalytic activity. 
Future work will also investigate the role of water 
within these catalytic structures. She stated that the 
ultimate question to answer will be how to 
implement various features so that they work 
together. “We’ve been able to implement two 
different functional groups, but when we add a third 
will it be complementary, or will we have to do 
something to make them talk to each other?” she 
asked in closing her remarks. 

ELUCIDATING KEY FEATURES OF 
MESOSCALE BIOCATALYTIC SYSTEMS AND 
EMPLOYING THEM IN DESIGNING 
FUNCTIONAL ARTIFICIAL ENZYMES WITH 
HIGH ACTIVITY 

Continuing the theme of exploring the role that 
mesoscale phenomena play in enabling the catalytic 
activity of enzymes, Yi Lu described his group’s 
work on the enzyme cytochrome c oxidase, which 
catalyzes the reduction of oxygen to water and in 
doing so creates the proton gradient that drives the 



t

t

f

t

 
 

 

 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 
 

 

 
 
 

CCATALYSIS 15
 

FFigure 3-4 Cytoochrome c oxiddase catalyzes the reduction of oxygen to wwater, produciing four protonns and four eleectrons that 
aare used to drivve adenosine trriphosphate (AATP) synthesis. SOURCE: Hwwang and Lu ((2004). Reprintted with permiission from 
PProceedings of the National AAcademy of Sciiences of the UUnited States off America. 

ssynthesis off adenosinee triphosphhate (ATP).. 
MMoreover, thiis enzyme is capable of caatalyzing thiss 
rreaction withhout releasing toxic reacctive oxygenn 
sspecies (Figuure 3-4). Luu noted that one of hiss 
interests in sstudying thiss enzyme is its potentiall 
importance ass a model for creating neww catalysts forr 
the oxygen reeduction reacction in fuel cells becausee 
oof its fine coontrol over thhe movementt of electronss 
wwith high effficiency. Whhile there is a relativelyy 
eefficient platinum-based catalyst thatt is used inn 
today’s fuel ccells, this cataalyst is not onnly expensivee 
bbecause of itss platinum coontent, but it operates at aa 
hhigher overpootential than ddoes cytochroome c oxidasee 
((Kjaergaard, RRossmeisl, annd Norskov 20010). Besidess 
wwanting to ideentify the me soscale featurres that makee 
ccytochrome cc oxidase suchh an efficientt catalyst, Luu 
ssaid that he aalso wants to understand wwhy chemistss 
hhave been unnable to creaate a synthetiic biocatalystt 
wwith high aactivity despite 30 to 440 years off 
bbiomolecular modeling a imed at creaating such aa 
ccatalyst. 

One answwer to this seccond questionn is that mostt 
bbiomimetic mmodeling woork has focuused on thee 
eenzyme’s actiive site and haas treated thee environmentt 
ssurrounding the active site as beeing largelyy 
hhydrophobic. In fact, saaid Lu, therre are manyy 

hydrrophilic, possitively charrged, and nnegatively 
chargged residues around and nnear the activve site and 
manyy water mmolecules thhat are strrategically 
posittioned aroundd the active ssite. “So if yoou look at 
the ttrue picture oof the active ssite, it is no loonger just 
a hyhydrophobic environmentt. It’s actuaally quite 
hydrrophilic, partiicularly at thee mesoscale,”” said Lu, 
who added thaat the role of these mmesoscale 
heterrogeneous ennvironments ssurrounding tthe active 
site had not beenn factored innto synthetic modeling 
studiies until recenntly. 

AA number oof groups h ave created synthetic 
moddel systems for this enzyme, annd James 
Collmman’s groupp at Stanford has produceed several 
diffeerent synthettic iron andd copper biiomimetic 
analoogs of the copper-contaaining activee site of 
cyto chrome c oxxidase that faaithfully reprooduce not 
onlyy key physicall features of tthe active sitee, but also 
its aability to cataalyze the redduction of oxxygen into 
wateer (Collman eet al. 2007). DDaniel Nocerra’s group 
at thhe Massachuusetts Institutte of Technoology has 
creatted a copper-containing coomplex that iss also able 
to ccatalyze the reduction of oxygen to water 
(Doggutan et al. 22010). Both oof these modeel systems 
use ssmall organicc molecules tto mimic the enzyme’s 
activve site. 



  

 
 

 

 
 

 

 
 

 
  

 
 

 
 
 

  

 
 
 
 

 
 

 

 

  

 

  

 

 

 

 
 

 
 

 
 

 

 

 

 

 

 

 

 
 

 

16 MESOSCALE CHEMISTRY: A WORKSHOP SUMMARY 

Lu’s approach is to use the protein myoglobin as 
the scaffold for creating a catalytically conducive 
environment around a synthetic active site. 
Myoglobin is much smaller than cytochrome c 
oxidase, making it easier to work with, and its rigid 
protein scaffold allows for the facile incorporation of 
mesoscale interactions into the design of the 
biosynthetic catalyst. In addition, a large body of 
work by many research groups has created the 
means to produce modified myoglobin molecules 
that can be used to explore how well-characterized 
changes in the protein’s structure affect those 
mesoscale interactions and catalytic activity (Lu et 
al. 2009). 

Lu’s initial work aimed at incorporating a heme-
coordinated copper into myoglobin that had catalytic 
activity, but it only reduced oxygen to the peroxide 
species and not all the way to water (Sigman et al. 
2003). Further modeling activity identified three key 
histidine residues and a tyrosine residue within 
cytochrome c oxidase, as well as an elaborate 
hydrogen-bonding network involving two water 
molecules, that are critical in creating catalytic 
activity (Blomberg, Siegbahn, and Wikstrom 2003). 
The challenge then became one of introducing these 
residues and this hydrogen bonding network into the 
structure of a modified myoglobin. The group’s first 
step was to use a different heme to coordinate 
copper—one that added a particular hydroxyl group 
to the active site. The second was to introduce a 
tyrosine residue into the active site next to one of the 
key histidine residues. The resulting synthetic 
enzyme was able to reduce oxygen to water at a rate 
of thousands of reactions per second (Miner et al. 
2012). Lu summarized these findings by 
emphasizing the importance of the heterogeneous 
environment and long-range interactions for 
generating catalytic activity. 

The next challenge his group addressed was to 
try to understand and control the cascade of electron 
and proton transfers that occur in cytochrome c 
oxidase and similar enzymes, such as the family of 
blue copper proteins in which the copper atom is 
coordinated to two nitrogen atoms and two sulfurs in 
the active site. One interesting feature of these blue 
copper proteins is that they have nearly identical 
structures yet have a wide range of overpotentials 
ranging from 130 to 618 mV. Lu’s group decided to 
explore the role that mesoscale structure plays in 
producing this wide range of catalytic activity by 
changing the hydrophobicity and the hydrogen 

bonding network near the active site using various 
combinations of four mutations to alter amino acid 
residues in the protein. Using these mutations, either 
singly or in combination, Lu’s team was able to tune 
the overpotential over a 700-mV range, surpassing 
the highest and lowest potentials reported for any 
member of this enzyme family without altering the 
metal binding site (Marshall et al. 2009). Lu and his 
colleagues have since used these proteins to generate 
the first experimental support for what is known as a 
Marcus inverted region that has been proposed to be 
important in tuning the forward and backward 
electron transfer rates that create the charge 
separation needed to drive reactions such as 
photosynthesis (Farver et al. 2013). 

Lu’s team has since collaborated with a group in 
India to engineer these artificial enzymes onto the 
surface of an electrode, a necessary step for creating 
a commercially useful catalyst. To ensure that the 
proteins have a specific orientation on the surface of 
the electrodes, computer models were used. The 
collaboration has generated a model system that has 
a pseudo-first-order rate that is better than the native 
enzyme and with a turnover rate approaching a 
quarter of a million reactions per second. Lu’s group 
has since improved the catalytic activity of its 
biomimetic system by incorporating nonnative 
cofactors and unnatural amino acids into their 
designed myoglobin oxidase catalysts (Bhagi-
Damodaran et al. 2014). 

Turning to a different subject in the final few 
minutes of his presentation, Lu described the use of 
catalytic DNA to control the assembly and 
disassembly of nanoparticles at the mesoscale for 
use in sensing, imaging, and drug delivery 
applications. Using lessons learned from the error-
correcting functions of the ribosome, Lu’s team has 
developed catalytic DNA that can find defects in 
nanoparticle assembly and remove them (Tan, Xing, 
and Lu 2014). 

In summary, said Lu, it is possible to make 
functional biomimetic models of complex 
metalloenzymes such as cytochrome c oxidase with 
high activity using much simpler native proteins, by 
taking into account several mesoscale parameters: 

 the heterogeneous environment around the 
active site that includes many noncovalent 
interactions, such as water and associated 
hydrogen-bonding networks; 
 the control of cascade reactions; and 



 

 
 

 

  

 

 
 

 
 
 

 
 

 

 
 

 

 

 

 
  

 

 

 

 
 

 
 

 
 
 

 
  

 

 

 
 

 

  

 

 
 
 
 

 

 

17 CATALYSIS 

 the role that the homo- and heterogeneous 
reactions play in catalytic activity. 

MESOSCALE CONCEPTS FOR DESIGN AND 
BEHAVIOR IN HETEROGENEOUS CATALYSIS 

Heterogeneous catalysts differ from their 
homogeneous counterparts in that they are easier to 
separate out of a reaction mixture and regenerate. 
They are typically robust and have higher activities 
than homogeneous catalysts and usually have good 
stability at higher temperature, but aside from those 
features, these two broad classes of catalyst have 
much in common, said Cynthia Jenks. As is the case 
with the homogeneous catalytic systems that the first 
three speakers described, controlling key features of 
the heterogeneous catalysts that she studies requires 
consideration of the environment surrounding the 
active sites. In this presentation, Jenks focused on 
her work on immobilizing heterogeneous molecular 
catalysts in mesoporous silica nanoparticles, an 
environment that is more constrained than when 
these catalysts are in solution. These nanoparticles 
have cylindrical pores whose shape, size, and 
chemical composition and surface functionalization 
can be controlled during nanoparticle synthesis.  

Confinement was the first aspect of these 
catalysts that Jenks addressed. When creating these 
catalysts, it is possible to put them onto the convex 
surface of a solid particle or onto the concave inside 
of the pore. In one experiment, she and her 
colleagues ran a catalytic addition reaction in a 
hexane solution, with the catalyst tethered to the 
outside of a particle and inside a mesoporous silica 
nanoparticle. Tethering the catalyst to the 
nanoparticle surface enhanced the reaction rate 
slightly, but putting it inside a nanoparticle pore 
produced a huge jump in reaction rate. Changes in 
the morphology and size of the pore—both its length 
and diameter—also can have a significant impact on 
catalytic activity. In another experiment, Jenks and 
her colleagues ran an aldol condensation reaction 
using a catalyst that was embedded in nanoparticles 
with pores that were either 400 or 800 nm long. 
Activity—measured by the percent of starting 
materials converted to the final product—dropped 
substantially with the longer pore, perhaps because 
the reaction products could not exit the pore 
efficiently. On the other hand, said Jenks, increasing 
pore diameter had a significant positive impact on 
percent conversion, raising it from less than that of 

the homogeneous catalyst when it was in a 2.8-nm­
diameter pore to approximately 10-fold higher than 
the homogeneous catalyst when pore size was 
enlarged to 3.6 nm in diameter. These results show 
that modifying the physical, mesoscale environment 
of the catalysts can significantly affect the reactivity 
of the systems. Given the tools available in 
mechanical engineering, fluid control, and synthesis, 
one can imagine designing structures with varying 
pore diameters and shapes to reliably create catalysts 
for specific functions. 

Aside from tuning pore size and shape, Jenks 
and her colleagues have also explored tuning 
catalytic activity by modifying the chemical 
composition of the internal pore wall using 
pentafluorophenyl propyl groups, which creates a 
hydrophobic environment inside the pores and 
enhances catalytic activity. It appears that this 
hydrophobic environment causes water to be 
extruded from the mesopores, driving the 
equilibrium of the reaction toward completion. 
Changing solvents can also have a big effect on 
reaction and conversion rates, with the effect 
depending on the nature of the catalyst and the 
solvent being used (Kandel et al. 2013a). For 
example, when using an immobilized amine to 
catalyze an esterification reaction, the percent 
conversion is high when hexane is the solvent and 
the catalyst is a secondary amine, but the conversion 
rate is low when water is the solvent, probably 
because water stabilized a reaction intermediate, 
which in turn inhibits the reaction. Understanding 
the fundamental aspects of the interaction between 
the solvent and reactive intermediates at the catalytic 
site represents another area for future investigation. 

Jenks has also been exploring the creation of 
systems in which two catalysts are immobilized, one 
on the particle surface, the other in the pores, to 
enable tandem reactions to occur, much as location-
coupled enzymes do in nature. These could also 
provide opportunities to take advantage of a 
combination of enzymatic specificity in a mild, 
external environment and also allow for less 
selective, harsher reactions to occur in a designed, 
reactor-like environment within a pore. As an 
example, she described a system in which the 
enzymes alcohol dehydrogenase and catalase are 
tethered to the outside of the particle and an 
alkylamine oxidation catalyst is immobilized inside 
the pores to perform a sequence of oxidation and 
aldol coupling that transforms short-chain alcohols 
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into longer-chain molecules with high selectivity 
(Kandel et al. 2013b). She also noted that it is 
possible to do one reaction on the surface of the 
particle and then cap the pores using gold or silver to 
carry out a second reaction in a more confined 
environment or to employ some gatekeeper 
functionality that only admits certain molecules into 
the pores. Another way porous materials can enable 
interesting chemistry is by enabling reactions to be 
run under different temperature and pressure 
conditions, she added (Lewis et al. 2013). 

There are a number of challenges in designing 
these types of systems that are related to mesoscale 
phenomena. Tethering homogeneous catalysts is 
often complicated, she said, as is being able to 
distribute reactive sites throughout the particles and 
controlling the chemistry within the pore. 
Controlling the environment surrounding active sites 
in the pore has proven difficult, and so too has been 
understanding the effect that the reaction products 
have on the constrained environment inside a pore. 
Unintended plugging of the pores can also be a 
problem. Solutions to some or all of these challenges 
could come from promising work in mesoscale 
modeling of reactions in these different 
environments (Nagasaka et al. 2007, Piccinin and 
Stamatakis 2014) and molecular tethering in pores 
(Wang et al. 2014). 

Jenks concluded her presentation by noting that 
there are many opportunities within modeling to 
address mesoscale phenomena. “Being able to 
develop new paradigms to enable us to look at these 
mesoscale regimes within these particular types of 
catalysts would be particularly valuable to enable us 
to understand at the mesoscale spatial heterogeneity, 
fluctuations, and transport effects,” said Jenks. Key 
challenges that she sees include the ability to design 
catalytic groups where they are desired, to design in 
gatekeepers and caps, and to bridge length scales in 
modeling and combine and control chemistry and 
transport. 

STRATEGIES FOR THE SYNTHESIS 
OF MESOSCALE CATALYST DESIGNS 

In the final presentation of this first panel 
session, Peter Stair discussed methods and strategies 
for making solid catalytic materials using one of two 
approaches: the one-step assembly of preformed 
molecular units into porous scaffolds and the step­

by-step assembly of molecular units on preformed 
porous platforms. In the former process, pore 
structures and catalytic sites are determined by the 
assembling units, and in the latter, pore structures 
and catalytic sites are adjusted by assembly. 

The synthesis of zeolites starting with aluminum 
or silicon hydroxyl anions is one example of the 
one-step synthesis approach. Under the right 
conditions of pH and temperature, these anions will 
assemble into a gel, form secondary units that 
ultimately form larger building blocks, and then 
form a host of zeolite structures at the mesoscale. 
Stair reminded the audience that one particular 
zeolite made in this fashion catalyzes the production 
of gasoline from oil, the largest human-performed 
chemical transformation in history. One feature of 
this strategy, he said, is that it runs at equilibrium 
conditions throughout the reaction process, so even 
when there is a significant amount of solid material 
formed, the reaction of the smaller soluble units 
continues at equilibrium. 

Another, more recent example of the one-step 
approach is one that produces metal organic 
frameworks. In this case, the building blocks are 
more complicated than simple anions; they include a 
large variety of linkers and metal salts. Typically, 
the linkers determine what the structure of the metal 
organic framework will be when they combine with 
the metal salts under the right solvent conditions. 
This approach is capable of producing structures 
with pores that are much larger than those found in 
zeolites, and because the synthesis occurs in near-
equilibrium conditions, it tends to produce 
crystalline materials. 

The second approach to solid catalyst 
synthesis—step-by-step synthesis—uses a solid, 
porous material, usually ceramic, into which 
catalytic function is added. The ceramic forms can 
take a wide variety of macroscopic shapes. A variety 
of methods such as precipitation, adsorption, and 
impregnation are used to add catalytic function to 
the preformed materials. In impregnation, which 
Stair characterized as the most important of these 
methods, the porous ceramic material is combined 
with a solution of a metal salt, for example, where 
the volume of solution is such that it matches the 
pore volume of the ceramic material. Once the liquid 
fills the pores, a simple drying process leaves the 
metal salt behind as little crystallites of various sizes 
and shapes located at different locations in the pores. 
The catalyst is then activated by calcining it in 



 

 

 

  

 

 

  

 
 
 

 

 
 

 
  

 

 
 

 
 

 
 
 

 

 

 

 

 

 
 

  

 
 
 

 
 

 

 

 

19 CATALYSIS 

oxygen or reducing in hydrogen at high temperature. 
Typically, said Stair, because of the porous 
structures of the ceramic materials and the variations 
of density and shape of the crystallites within those 
pores, the final catalyst is considered 
inhomogeneous in size, shape, and composition. 

There are pros and cons to each of these 
approaches for making solid catalysts. The 
advantage of the one-step assembly process, said 
Stair, is that it produces materials with uniform 
crystalline structure and a large surface area, and it 
provides the ability to carefully control pore size and 
the uniformity of those pores. The disadvantage of 
this approach is that the resulting catalysts are of 
limited stability and complexity, particularly with 
the metal organic frameworks. The two-step or post-
platform assembly method produces materials with 
good stability, flexibility, and complexity. Pore size 
and morphology are well controlled, but the main 
disadvantage is that the active sites are determined 
more by statistics than by molecular control in most 
cases. 

A new third approach that Stair and his 
collaborators are developing is to create materials 
using the atomic layer deposition process developed 
by the semiconductor industry as a bottom-up 
strategy to build mesoscale catalyst structures. This 
strategy starts out with atomic and molecular 
building blocks and assembles catalysts with well-
defined composition and structure. As an example of 
how atomic layer deposition works, Stair described 
one synthesis in which a metal oxide surface covered 
with hydroxyl groups was exposed to a reactive 
organometallic complex such as trimethylaluminum. 
The resulting vigorous reaction created a new 
surface in which all of the hydroxyl groups are gone, 
replaced by a new surface decorated by alkyl groups 
that could be converted to hydroxyl groups again by 
treatment with water. The advantage of this 
approach is that because it is self-limiting it provides 
control by allowing uniform, layer-by-layer 
deposition of the coating without concerns about 
clogging the mouth of the channel, which is a 
concern for other coating techniques such as vapor 
deposition (Figure 3-5). Stair noted, too, that “you 
can make all of the interesting catalytic 
compositions that you would ever want using atomic 
layer deposition.” 

Atomic layer deposition can also be used to 
make nanoparticles when using precursors of late 
transition metals such as palladium and platinum (Lu 

and Stair 2010, Lu et al. 2014). The nanoparticles 
tend to be capped by the ligands that were in the 
original organometallic precursor, and the deposition 
process can therefore be repeated to create tiny 
nanoparticles of well-defined size and composition. 
It is also possible to deposit multiple metals on the 
same nanoparticle to explore mesoscale effects 
related to the proximity of one metal atom to 
another. 

Stair then noted that atomic layer deposition can 
be used to create apertures, pores, and cavities, as 
well as structures with or without facets. He 
highlighted one surprising example from his group 
in which he and his collaborators took a bare 
supported palladium nanoparticle and tried to use it 
to catalyze the dehydrogenation of ethane to make 
ethylene. The result was that the reaction produced 
carbon, methane, and hydrogen but little ethylene. 
Wondering what would happen if they covered the 
palladium nanoparticle, they added a layer of 
aluminum oxide that eventually buried the particle, 
eliminating all catalytic activity since reactants could 
not reach the nanoparticle. However, this coating has 
a high water and hydroxyl content and heating the 
material generated pores in the deposited layers that 
reached down to the nanoparticle. Now, this 
construct is “beautifully selective for producing 
ethylene and hydrogen,” said Stair, characterizing it 
as an example of how changing the environment 
around the nanoparticle totally changes the particle’s 
catalytic chemistry. 

Elaborating on this idea, Stair said it is possible 
to bury the nanoparticles in layers that themselves 
have catalytic activity such that when the channels 
are formed, the result is a metal-based catalyst at the 
bottom of the channel and a different function, such 
as an acid catalyst, higher up in the channel to carry 
a second chemical transformation within the same 
pore. It is also possible to envision creating layers 
that generate a gradient of composition along the 
pore that would allow a particular chemical species 
to diffuse along the surface of the pore in one 
direction. “You might be able to channel reagents in 
and out of the catalytic site by using such a 
gradient,” Stair explained. He noted that these are 
just possibilities as his group has yet to generate 
such structures. 

Atomic layer deposition can also be used to 
make cavities by starting with a catalytic oxide and 
adding a template molecule that will not be covered 
during the deposition process. The cavities can be 
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FFigure 3-5 Conformal zinc oxxide coating o f a silicon trennch without buuildup at the ppore entrance. SOURCE: Sttair (2014). 
RReproduced wiith permission from Jeffrey WW. Elam. 

cconstructed soo that they oonly let certaain moleculess 
rreach the cataalyst sitting att the bottom oof the pore too 
ccreate selectivvity. His grooup has demoonstrated thiss 
aapproach is capable of discriminat ing betweenn 
cclosely relateed chemical species in aa competitivee 
pphotoreductioon reaction (FFigure 3-6) ((Canlas et al.. 
22012). Stair addded that it shhould be posssible to createe 
ssterically defined cavitiess that can peerform chirall 
ccatalysis, thouugh again hiis group has yet to makee 
ssuch catalystss. In responsee to a questionn about thesee 
cchiral cavitiees from Doonna Blackmmond of thee 
SScripps Reseaarch Institutee, Stair explaained that thee 
ppremise here is that creatting a spiral of functionall 
ggroups in thhe cavity coould create bbinding sitess 
ccapable of disscriminating bbetween two eenantiomers. 

Stair conccluded his prresentation byy noting thatt 
wwith the essenntially limitleess possibilitiies of atomicc 
layer depositi on it would bbe good to deevelop designn 
rrules to help guide futuree work. He aadded that hee 

woulld also like cchemists to ddevelop moree selective 
synthhesis chemisstries based on the atommic layer 
depoosition reacti ion and anallytical techniiques that 
can provide morre informationn about the structures 
and cchemistries oof the resultingg cavities. 

DISCUSSION 

NNeil Hensonn from the LLos Alamos National 
Labooratory startedd the discussiion by askingg the panel 
for thheir thoughtss on the statemment in the Department 
of Energy report that, wwhen thinkinng about 
mesooscale phenommena, the density of atomms is more 
impoortant than thhe specific poositions of thoose atoms 
(BESSAC Subco ommittee onn Mesoscale Science 
20122). He addedd that it was his opinion based on 
whatt he heard from the foour speakers that this 
stateement is wroong. Stair saa cid that structure does 
mattter and that mmaybe it wouldd be 
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FFigure 3-6 Cataalysis by nano cavities over ttitanium dioxidde with structuural selectivityy. SOURCE: SStair (2014). RReproduced 
wwith permissionn from Justin NNotestein. 

important to cconsider struccture over a longer lengthh 
sscale. Shaw aagreed complletely that thhe report wass 
wwrong, particuularly with regard to enzyyme functionn 
wwhere the pposition of sspecific atomms makes aa 
ddifference in activity. Sesssion Chair BBruce Garrettt 
ssaid that the Energy DDepartment’s report wass 
ooriented moree toward mateerials rather thhan chemistryy 
aand chemists  worry abouut atomic poosition more.. 
JJenks added thhat the densitty of sites doees matter.  

Garrett assked the paneel to commennt on the needd 
to couple trannsport to reacttivity, which several of thee 
ppanelists menntioned in thheir talks. Sttair said thatt 
mmoving reageents where yyou want them to go iss 
important andd is somethinng that could be improvedd 
in heterogeneeous catalysiss. Borovik aadded that hee 
aand others woorking in hommogeneous ccatalysis havee 
nnot done a goood job with this either. HHe also notedd 
that understtanding trannsport issues includess 
uunderstandingg the timing and reagentss coordinatedd 
sso that the m olecules arrivve at the activve site in thee 
rright sequencce to facilitatee the reactionn. Jenks saidd 
that her workk has shown tthat transportt dynamics iss 
tremendously important aand that one challenge iss 

contrrolling transsport as poores get deeper and 
reacttions get morre complex. Lu said that structural 
bioloogy can pprovide cluees on howw nature 
accoomplishes trannsport with hiigh precision.. 

JJim de Yoreeo of PNNLL asked abouut solvent 
effeccts for catalyytic reactionss done in soolution as 
oppoosed to the ggas phase. SShaw said thaat solvent 
plays an importtant role in determining catalytic 
activvity. Enzymees, for exammple, have pockets of 
wateer in them thhat have beeen demonstraated to be 
impoortant, thouggh the detaiils are not yet well 
undeerstood. Boroovik said thhere is not yyet much 
evidence that sollvent effects can alter thee catalytic 
proccess, but ane cdotal evidennce does suppport that 
idea.. “But I don’tt think we haave much expperimental 
evidence to knoow exactly how the ssolvent is 
maniipulating the process,” Boorovik said. B lackmond 
noted that the woork Jenks deescribed with the aldol 
conddensation suppports the ideea that solveent effects 
are important.  

GGarrett then asked if tthere is a ddifference 
betwween mesosc ale environmmental effectts around 
activve sites and cconfinement. Shaw said th at there is 
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a difference: “The environment around the active 
site is controlling what the chemistry around that 
active site looks like. Confinement could at its 
simplest be just making sure the molecules are close 
enough to react.” Garrett also wondered about the 
example that was discussed where confinement 
decreased the reaction rate when he would have 
expected it to increase because reagents are kept in 
closer proximity to one another. Jenks explained that 
confinement can mean that product molecules could 
also end up being confined in the active site which 
could block further reactions from occurring. 

Yong Wang from PNNL asked Stair to elaborate 
on the kind of design rules he would like to see 
developed to help guide the use of atomic layer 
deposition. Stair replied that one place to start would 
be to have a better idea of what the structures created 
using this method actually looked like, such as when 
particles are being partially covered with some parts 
left exposed. It would be helpful, he added, to have 
some notion about what structures would be 
interesting to make and to have reagents that will 
react selectively with the edges of a nanoparticle 
versus its facets or vice versa. Garrett, in a follow-up 
question, asked if there was any real idea of whether 
edges or facets are left uncovered when creating 
these structures and Stair said that infrared 
spectroscopy does provide a fairly good picture of 
whether facets or edges are exposed and that the 
results agree with calculations based on theory. 

Turning to the subject of measurement, Garrett 
asked the panel to comment on the challenges of 
characterizing active sites in these constructs. Lu 
said that the characterization of systems that can 
form crystals is well developed, but the interface 
between homogeneous and heterogeneous catalysis 
is where more work is needed. Also, characterizing 
structures on surfaces in three dimensions is 
extremely challenging, Lu added. “I think the 
biggest challenge is doing in situ characterization of 
heterogeneous catalysis on surfaces,” he said. Shaw 
added that a major challenge is developing methods 
for determining if minor species present in catalysts 
are actually doing most of the catalysis.  

De Yoreo commented that with regard to 
measurement, it is easy to address the problem of 
what is happening at the atomic scale using 
computational methods, while from the 
measurement standpoint it is easy to address what is 
happening at the ensemble scale. Linking the two 
scales is where the difficulty lies. It would be useful, 

though, to resolve motions at the mesoscale and new 
measurement techniques are needed to do this. Some 
optical techniques have sufficient time resolution, he 
noted, but they do not have the necessary spatial 
resolution. Pulsed imaging techniques, such as those 
using free electron lasers, might be able to produce 
snapshots but only while destroying the system. De 
Yoreo suggested that low-dose dynamic 
transmission electron microscopy (TEM) might be 
able to get both the necessary time and spatial 
resolution, but that has yet to be demonstrated. Stair 
added that TEM is good at seeing something solid 
but poor at seeing voids in structures.  

Lu said that his group is exploring the possibility 
of using the optical and magnetic properties of the 
metal atoms in their catalysts to see if they can get 
useful microscopic images of single proteins and 
observe their dynamics. So far, his collaborator has 
obtained single protein images and can measure 
spectroscopic changes that provide information on 
dynamics. “It’s quite challenging and we cannot see 
the complete catalytic process,” said Lu. Borovik 
asked if this method can see the movement of the 
protein 10 to 20 angstroms from the active site. Lu 
said when the microscopy and spectroscopy data are 
combined with calculations and information from 
crystal structures there is the potential to produce a 
series of snapshots of protein dynamics. 

Gregory Schenter from PNNL stated that it is his 
opinion that the issue of a system being confined is 
closely coupled to the nature of the fluctuations that 
influence the reactions from the mesoscale, be it 
density fluctuations, vibrational fluctuations, 
electronic structure fluctuations, or electric field 
fluctuations, and he asked the panel for their 
comments. Borovik agreed with Schenter and that all 
of those properties are governed by the local 
environment. He noted that changes in the hydrogen-
bonding network his group creates change the redox 
potential of the system and the acid–base properties, 
all of which are connected to function. 

Miguel Garcia-Garibay, of the University of 
California, Los Angeles and a member of the 
organizing committee and the Chemical Sciences 
Roundtable, said that one way of looking at 
compartmentalization and reduction of 
dimensionality is to reduce the statistical entropy of 
the system. Given that nobody on the panel talked 
about entropy, he asked if the panel had any 
thoughts on this matter. Borovik said that he thinks 
entropy is important and has examined how the local 
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confinement provided by the cavity around a 
catalyst, particularly the hydrogen-binding cavity in 
one of the systems he studies, can influence the 
reaction process and impacts the energy of 
activation. His group found that there is a 
tremendous effect that can change the entire 
mechanism of the reaction and provide unexpected 
rate enhancements. He acknowledged, though, that 
he would like to have a better understanding of how 
to take advantage of the local confinement, which is 
an entropic effect to make systems function better. 
Although entropy is well defined, the entropic effect 
of this local confinement might be more difficult to 
quantify. 

In response to a comment from William Noid of 
the Pennsylvania State University about the relative 

importance of entropy and atomic structure in high-
energy versus low-energy reactions, Shaw said that 
she believes that, even at the mesoscale, atomic 
structure matters. “Maybe it’s possible that we don’t 
need to understand atomic structure in detail, but I 
think it’s critical to have different materials or 
different catalyst functions regardless of the length 
scale that you’re looking at,” she said. Jenks added 
that there just is not enough knowledge yet to know 
how understanding the atomic structure is impacting 
the macroscale behavior of a system. As a final 
comment, Borovik reiterated that structure does 
matter at the mesoscale and that the reason entropy 
is not discussed much is because the field does not 
know how to think about it yet, raising a challenge 
that needs to be addressed. 
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Membrane Behavior and Microchemical Systems 

Key Points 
	 While a great deal is known about membrane function and overall structure, little is known about 

the organization of lipids in the membrane that form mesoscale structures and how they modulate 
the function of membrane-bound proteins. 

	 Given the ability to create asymmetric vesicles—those with different lipid mixtures in the inner 
and outer layer—opportunities and challenges exist for research on these systems to gain a better 
understanding of biomembrane structure and function. 

	 Digital microfluidics is a member of a family of techniques that have interesting mesoscale 
characteristics and challenges associated with them but that can also serve as tools to understand 
questions related to molecular transport. 

	 Microchemical systems present several opportunities for mesoscale chemical engineering by 
manipulating local mass and heat transport and chemical phenomena at micrometer to millimeter 
scales. 

	 There are many challenges confronting those who are attempting to turn the promise of mesoscale 
chemical engineering into practical devices. 

The workshop’s second panel featured three Chemistry at the National Institute of General 
speakers. Erwin London, Professor of Medical Sciences and a member of the workshop 
Biochemistry and Cell Biology and Professor of organizing committee, followed the three 
Chemistry at Stony Brook University, spoke presentations. 

about the collective mesoscale behavior of the lipid 
bilayer in biological membranes as studied using a ASYMMETRIC LIPID VESICLES FORMATION new experimental model that more closely 
represents the asymmetric composition of the cell AND PROPERTIES 
membrane. Aaron Wheeler, the Canada Research The lipid bilayer that forms the membrane that 
Chair of Bioanalytical Chemistry at the University surrounds all cells is a mesoscale structure
of Toronto, described his group’s work developing comprising individual lipid molecules, each with a 
digital microfluidic systems that can manipulate polar and nonpolar region, that self-assemble and 
fluid droplets in, around, and through solid self-organize with the polar portions in contact with 
materials. Benjamin Wilhite, Associate Professor of water, explained Erwin London. Proteins, he added, 
Chemical Engineering at Texas A&M University, are embedded within the lipid bilayer. While a great 
reviewed recent advances in both microreactor deal is known about membrane function and overall 
development and membrane research, with an structure, little is known about the organization of
emphasis on energy-related applications. A panel lipids in the membrane that form mesoscale 
discussion moderated by session chair Vernon structures and how they modulate the function of 
Anderson, Program Director in the Division of membrane-bound proteins. It is also still a mystery 
Pharmacology, Physiology, and Biological 
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FFigure 4-1 Lipidd bilayers can exist in differeent physical sttates. SOURCEE: London (20 014). Reproducced with permiission from 
EErwin London. 

aas to why nnatural lipids have so maany differentt 
cchemical strucctures, he addded. 

Lipid bilayers can exxist in differrent physicall 
sstates, Londonn explained ((Figure 4-1). In the solid-­
like “gel” statte, the acyl chhains are packked tightly inn 
aa highly ordeered, almost crystalline, arrangement.. 
LLateral diffusiion within thee membrane iis slow in thiss 
sstate. At highher temperatures, a transsition occurs,, 
ccharacterized by a meltingg temperature that dependss 
oon the type oof lipids in thhe bilayer. This transitionn 
leads to a liquuid-like disorrdered state, ccalled the Ldd 
sstate, where laateral motions are fast andd in which thee 
aacyl chains hhave kinks inn them. A thhird physicall 
sstate, which ooccurs only wwhen cholesteerol is presentt 
in the membrrane and is kknown as thee Lo state, iss 
bboth liquid annd ordered. LLondon charaacterized thiss 
aas an interesting state of mmatter that sharres propertiess 
wwith both the solid-like geel state and thhe liquid-likee 
ddisordered staate. In this thhird physicall state laterall 
mmotions are ffast but the aacyl chains aare extended,, 
sstraight, and tightly packeed against theemselves andd 
the cholesterool molecules. 

Saturated lipids—thosee without douuble bonds—— 
ccan pack togeether more e asily and bil ayers formedd 
ffrom saturatedd lipids have high melting temperaturess 
aand tend too form the solid, gel-like state att 
pphysiological temperaturess. Unsaturated lipids havee 
ccis double boonds that actt as permane nt kinks thatt 
tend to inhibiit lipid–lipid interactions.  As a result,, 
they pack toogether moree loosely annd have loww 
mmelting tempeeratures. London said thatt in the 1960ss 
aand 1970s, whhen researcheers came to aappreciate thee 
wways differennt lipids pacck together, the questionn 
aarose as to hoow the mixtuures of lipids in a real celll 
mmembrane wwould behavve, if phasee separationn 
ooccurred withhin membrannes, and if thhe interestingg 
bbiology that ooccurs in a membrane wouuld take placee 
in regions where coexistingg domains occcur. 

It turns oout that in mmodel membrrane systemss 
ccoexisting dommains are obsserved and stuudied (Figuree 

4-2),, but in real cell membraanes these dommains are 
vanishingly smalll. These diffeerent domainss in model 
and real systemms are impportant becauuse each 
memmbrane proteinn has a particcular affinityy for these 
diffeerent domainns, with the result that mmesoscale 
lipidd structure haas a direct efffect on proteiin–protein 
interractions. Forr example, pproteins withh similar 
affinnities may innteract in thee same domaain or be 
segreegated from each other if their affiinities are 
diffeerent. A proteein’s conformmation, and theerefore its 
activvity, can alsoo be affectedd by the dommain state. 
Londdon noted th at as these ddomains formm or break 
up, or when smaaller domainns coalesce innto larger 
dommains, it can tturn on or offf biological processes 
driveen by membrrane-bound pproteins. Orddered lipid 
dommains, also kknown as liipid rafts, hhave been 
propposed to plaay a role inn signal trannsduction, 
sortiing of proteeins to different cell meembranes, 
infecction by bacteria and viruses, aand other 
memmbrane processses. “So thee question wee’re faced 
withh is how can wwe better undderstand the formation 
of thhese domainss, what are tthe principles that ares 
behinnd their formmation, and wwhat are the principles 
that control their size,” said LLondon. He aadded that 
this last questionn is a conteentious subje ct among 
reseaarchers who are trying too understand why they 
are ssmall in manyy systems andd larger in maany of the 
moddel systems. 

OOne of the isssues that the ffield faces is that many 
of thhe model memmbranes, whicch are made bby mixing 
lipidds in water, are symmeetric, while real cell 
memmbranes are aasymmetric——they have aa different 
lipidd compositio n in the innner and outter layers 
(Figuure 4-3). In mammalian membranes, the outer 
layerr, or leaflet, i s rich in sphinngolipids andd the inner 
leafllet is ricch in amminolipids ssuch as 
phossphatidylethannolamine annd phosphatiidylserine. 
Beinng able to repproduce this type of distrribution is 
impoortant becausse the sphingoolipids and ccholesterol 
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27 MMEMBRANE BEHAVIOR AND MICROOCHEMICAL SYSTEMS 

FFigure 4-2 Memmbranes with mmixtures of lipiids can have c oexisting dommains with diffeerent composittions and diffeerent states. 

SSOURCE: Feigenson and BBuboltz (2001,, right) and VVeatch and K Keller (2003, l eft). Reprintedd with permisssion from
 
BBiophysical Jouurnal. 

ccreate ordered domains aand the sphinngolipids aree 
rrestricted larggely to the oouter leaflet. At the samee 
time, membraane reorganizaation in the oouter leaflet iss 
ssomehow trannsmitted to the inner leaaflet and thee 
pproteins in the inner leafleet respond to clustering inn 
the outer leafllet, London exxplained. 

To study the effects o f asymmetry,, London andd 
hhis collaborrators creaate model asymmetricc 
mmembranes uusing a familyy of moleculles known ass 
ccyclodextrins,, which are cyclic glucoose polymerss 
ccontaining sixx to eight gluucose units. CCyclodextrinss 
aare hydrophillic but with aa hydrophobiic cavity thatt 
ccan be used to bind lipids from a donoor vesicle andd 
ddeposit them in the outeer leaflet of an acceptorr 
vvesicle of diffferent lipid ccomposition. The result iss 
aan asymmetric vesicle thhat can be separated byy 
ccentrifugationn. London’s group recenttly improvedd 
this method so that theyy can createe asymmetricc 
vvesicles with controlled aamounts of ccholesterol inn 
the inner annd outer leafflets that come close too 
mmimicking thee plasma memmbrane from ccells. 

Using thiis method, LLondon’s grooup has beenn 

studyying couplinng between the outer aand inner 
leafllets. They havve created veesicles with oone of two 
diffeerent sphingoolipids in thhe outer leafflet: milk 
sphinngomyelin, wwhich has a loong hydrocarbrbon chain 
that extends innto the innner leaflet, and egg 
sphinngomyelin, which has shorter hyddrocarbon 
chainns and does nnot extend intto the inner leeaflet. The 
outerr leaflet oof these veesicles also contains 
cholesterol and aan unsaturateed lipid—1,22-dioleoyl­
sn-gllycero-3-pho sphocholine (DOPC)—thhat forms 
disorrdered domaains, while tthe inner leaaflet only 
contains DOPC. The outer leeaflet has a mmixture of 
ordeered and disoordered dommains, while the inner 
leafllet by itself wwould only forrm the disordeered state. 

TTo probe the e two leaflets,, London’s grroup used 
fluorrescent dyes  that locate either in LLd or Lo 
dommains. Imagess of the asymmmetric vesiccles show 
that the inner leafflet, which haas no sphingoolipid, has 
respoonded to the de outer leafleet and formed ordered 
dommains that corrrespond to wwhere the ouuter leaflet 
has formed ordeered domainns, demonstraating that 
theree is strong intnterleaflet couupling. In vessicles with 
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FFigure 4-3 Lipidd bilayers in ceells are asymmeetric. In mammmalian cells, thee major lipids in the outer leaaflet are sphinggomyelin 
((SM), glycosphhingolipid (GSLL), phosphatiddylcholine (PC)), cholesterol, aand some phossphatidylethanoolamine (PE). TThe inner 
leaflet’s major lipids are PE, pphosphatidylseerine (PS), phosphatidylinosittol (PI), cholessterol, and somme PC. SOURCCE: 
LLondon (2014) . Reproduced wwith permissio n from Erwin LLondon. 

mmilk sphingoomyelin, the inner leafleet propertiess 
mmatch those oof the outer leeaflet, which London saidd 
ssuggests that the ordered domains forrming in thee 
inner leaflet aare more simmilar to thosee in the outerr 
leaflet. In thee vesicles witth egg sphinggomyelin, thee 
pproperties of oordered domaains in the innner leaflet aree 
ddifferent thann those in thee outer leafleet, suggestingg 
that with loonger hydroccarbon chainns that cann 
interdigitate wwith the innner leaflet, thhere is muchh 
sstronger couppling. Londonn noted that tthe results off 
these experimments also ssuggest that the orderedd 
ddomains of the inner leaflet are enriched inn 
ccholesterol. 

London cconcluded hiis presentatioon by listingg 
ssome of the oopportunities and challengges that existt 
ffor research in this area given the avvailability off 
aasymmetric v esicles that caan be used too gain a betterr 
uunderstandingg of biommembrane structure andd 
ffunction: 

 What lippids reduce or resist thhis interlipidd 
coupling iin vivo? 
 What conntrols where mmembrane prooteins go andd 

how do thhey partition between thesse domains inn 
realistic asymmetric mmembranes? 
 What conntrols the affinnity of membbrane proteinss 

for differeent membranee domains? 

 HHow does doomain structuure impact mmembrane 
pprotein interaactions, confoormation, and function? 
 CCan the prrinciples identified in studying 

aasymmetric mmembranes bbe extended to enable 
tthe preparatiion of vesiclles or materials other 
tthan lipids in an asymmmetric layerr-by-layer 
ffashion? 
 WWhat are the principles that control dommain size, 

wwhich can vaary from largee domains to nanoscale 
ddomains? 
 CCan we creatte domain paatterned mateerials with 

ccontrolled mmesoscale heteerogeneity inn terms of 
ddomain size aand chemical composition?? 
 CCan we use asymmetric vesicles for improved 

eencapsulationn applicatioons such as drug 
ddelivery? 

DIGGITAL MICROOFLUIDICS : 
NOTT JUST FOR LIQUIDS ANNYMORE 

AAs introducced by Aarron Wheelerr, digital 
micrrofluidics is aa member of a family of t echniques 
that have interessting mesoscaale characterristics and 
challlenges associiated with thhem but thatt can also 
servee as tools to understand some of the questions 
that this workshoop is addressinng. This is paarticularly 
true for questionss related to mmolecular trannsport. He 
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noted that though the focus is on one set of 
techniques in this talk, there are quite a few different 
tools to study transport phenomena that use enclosed 
microchannels of a wide variety of interesting 
geometries. 

As an example of a digital microfluidic device, 
Wheeler showed a schematic of a system consisting 
of a droplet trapped between an insulator sitting 
above an array of electrodes and a counter electrode. 
The insulator is a critical design element that enables 
fine control over the electrodes. With this system 
Wheeler’s group can charge a given electrode and 
“drag” the droplet over to the charged region of the 
device. He noted that his group has developed 
computational models to describe this type of 
system, and they understand that the forces being 
applied to the droplet are on the order of tens of 
micronewtons. Devices such as these can be used to 
carry out chemical reactions in a precise and 
controlled manner thanks to the ability to deliver 
droplets to specific places on the microfluidic 
device. In the example he showed, the droplets are 
on the order of tens of nanoliters in volume and the 
reaction space was a few hundred microns. Wheeler 
explained that this type of device enables 
programmed chemistry to take place with controlled, 
small quantities of reagent delivered with exquisite 
precision in terms of sequence and location. 

Wheeler said that while much of the work in 
digital microfluidics has been done using liquids or 
even cells, he began asking himself a number of 
years ago what would happen to this type of system 
if he used it with solids and for making three-
dimensional heterogeneous systems. To do that, his 
group had to answer a number of questions, such as 
what happens to the driving and resistive forces in a 
three-dimensional heterogeneous system and how 
can they be used and under what conditions to move 
solids through such a device. In working to answer 
these questions, his group has been using digital 
microfluidics to move hydrogels, polymer plugs, and 
magnetic particles. “Each of these systems has its 
own unique challenges and questions associated 
with it,” Wheeler explained as he described the 
device that his group created to work with 
hydrogels. 

The first question his group explored was what 
would happen to the hydrogel in a digital 
microfluidic device as reagents were moved through 
the device. In one set of experiments, members of 
his research group showed that they could move 

water droplets through a hydrogel without disturbing 
the hydrogel. “We weren’t sure what to expect, and 
in fact we thought that perhaps the presence of the 
hydrogel would present some significant 
impediments to moving the droplet, but that turns 
out not to be the case at all,” he explained. Given 
that result, his group then followed the diffusion of a 
tracer either into or out of the gel in a passive state, 
where the droplet is sitting in place, to calculate a 
diffusion coefficient, and it matched what they 
expected from the literature. However, moving the 
droplet repeatedly through the hydrogel triggers an 
active transport process that is three times faster than 
passive diffusion. Moreover, this active transport 
rate changes depending on the velocity of droplet 
movement, the size of the gel, and the size of the 
droplet. Wheeler noted that this type of device could 
prove useful for studying transport under varying 
conditions. 

One application of digital microfluidics with 
solids that his group has been exploring involves the 
notion of confining catalytic systems to take 
advantage of different rates or types of chemistry. 
One such project involves confining proteolytic 
enzymes to hydrogels to create a device for use in 
proteomic analysis, and it started with developing an 
epoxide-based chemical reaction to tether these 
enzymes throughout the hydrogel. Confocal 
microscopy showed that this immobilization process 
did distribute enzyme throughout the three-
dimensional structure of the hydrogel. With this 
chemistry in hand, Wheeler’s group then created 
microreactors with different enzymes connected to 
microfluidic channels through which they could 
deliver samples for proteomic analysis and then 
collect the enzymatic digest for analysis. The 
eventual goal of this work is to create a device 
containing a large number of different proteases to 
produce multiple protein digests that will provide a 
high level of amino acid sequence coverage to 
enable high-throughput proteomics. Currently, this 
project is at the stage where Wheeler’s group has 
started collaborating with a mass spectroscopy 
company that wants to use these devices in 
conjunction with automated mass spectroscopic 
analysis of the protein digests. 

Another project from his laboratory aims to 
develop hydrogel-containing microfluidic devices 
for growing mammalian cells. Before describing this 
device, he reminded the workshop that mammalian 
cells grown in a three-dimensional conventional gel 
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develop with a different phenotype compared to 
when they are grown in two dimensions. Though the 
three-dimensional growth results in a phenotype that 
is closer to in vivo phenotypes, many researchers 
choose not to grow three-dimensional structures 
because the fragility of the conventional gels makes 
the process arduous. Building on the knowledge 
within the group, they first refined the process for 
creating gels for this device, for example, group 
developing gel crosslinking methods and ways of 
controlling surface energies that enable them to form 
a wide variety of gel shapes. With these techniques 
in hand, his team has built microfluidic devices with 
arrays of gels that are each addressable individually. 

When cells are placed in and evenly distributed 
throughout these devices, they grow in a three-
dimensional arrangement with the same phenotype 
expected from the literature for cells grown using 
conventional gel systems. However, when 
comparing the robustness of the conventionally 
grown three-dimensional cellular spheroids with 
those grown in the hydrogels, a significant and 
surprising difference was identified. The resulting 
cell spheroids grown within the microgels are far 
more robust than those grown in conventional gels. 
This makes it possible to deliver reagents to these 
cells in ways that were not possible with those 
grown in conventional gels. One potential 
application for these devices that his group is 
exploring with collaborators is to produce an array-
based three-dimensional tissue culture system for 
medical screening applications. He noted that “this is 
an interesting system where there may be some 
opportunity for mesoscale science . . . and again I’ll 
point out that the surface has just been scratched.” 
He concluded his talk by noting that “these types of 
tools may end up being useful for studying some of 
the things that this workshop is interested in 
exploring.” He also noted in answering a question 
from a workshop participant that these microfluidic 
devices work in air, oil, and other environments and 
that once the device is set up, operations are carried 
out electronically. 

ENGINEERING AT THE MESOSCALE: 
MICROREACTORS AND MEMBRANES 

Benjamin Wilhite began the last presentation in 
this session with the comment that, from his 
perspective as a chemical engineer, he has a 
different concept of mesoscale. “To the chemical 

engineer, microchemical systems present several 
opportunities for mesoscale chemical engineering by 
manipulating local mass and heat transport and 
chemical phenomena at micrometer to millimeter 
scales,” he said. From the perspective of a materials 
scientist, he added, membrane materials present 
several opportunities for mesoscale chemistry by 
manipulating the chemical structure of membranes at 
the mesoscale in a way that enables new kinds of 
separations to occur. He also noted that chemical 
engineers usually work at such large scales of 
reactors, reactants, and catalysts that the local 
manipulation of chemistry at the mesoscale is not 
something that has been considered very often. That 
awareness did start to change about 20 years ago, he 
added, when chemical microreactors were first 
developed. The ability to build miniaturized 
chemical reactors created a situation where chemical 
engineers had to start paying attention to various 
physical processes such as fluid dynamics, laminar 
flow, and conductive heat transfer that become 
dominant in these smaller systems. “What that 
allowed us to do to solve those problems was to 
manipulate, by way of the structure of the device, 
the local transport rates in such ways as to 
manipulate indirectly the chemistry of the reaction,” 
Wilhite explained. “Finally, we can live up to what 
all engineers aspire to be, which are master 
manipulators,” he added. 

The first decade of microreactors saw a wealth 
of firsts, and all could be summed up with 
catchphrase, “on a chip”: the first gas–solid catalytic 
reactor on a chip (Srinivasan et al. 1997), the first 
gas–liquid mixer on a chip, the first gas–liquid 
disengaging unit on a chip, the first gas separation 
unit on a chip, the first fully integrated trickle-bed 
microreactor on a chip (Wilhite et al. 2008), and so 
on. This decade established the basic chemical 
engineering operations that were possible on a chip 
and how to perform them, as well as what did and 
did not work. Since the 2000s, the emphasis has 
shifted from the novel to the practical, and research 
has proceeded down one of two paths: either 
creating lab-on-a-chip devices for chemical analysis, 
such as the work that Wheeler described, or building 
devices that perform chemical processing and 
replace the large-scale reactors and processing 
equipment that are traditionally in the realm of 
chemical engineering. 

Researchers going down this second path, 
including Wilhite, soon realized that chemical 
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engineering on individual chips was never going to 
replace chemical refineries because of the scale of 
industrial chemical production per month. Research 
then began to look at ways of coupling different 
devices, much like Lego bricks, into modular 
reforming processes that operate at the mesoscale 
rather than the microscale and that can produce 
enough of a chemical to be useful on an industrial 
scale. Wilhite described a few of these modular 
chemical plants. One such device can perform 
laboratory-scale organic systems with modules that 
can be assembled and disassembled quickly to make 
different products as needed. “This has great 
potential in the chemical industry where nowadays 
the market is volatile in terms of what chemicals 
need to be made for society,” said Wilhite. “The idea 
of having a chemical plant that you design and build 
and make money off of for 20 years without the 
feedstock or the desired product changing, those 
days are gone. Now we need modular chemical 
plants that can be quickly field stripped, 
reassembled, and retrofitted.” 

Another promising area of research and 
development activity aims at creating a personal 
“turnkey” chemical plant capable of converting 
natural gas to hydrogen as needed at home or at a 
local fueling station, which could enable an 
immediate transition to hydrogen fuels for 
automobile use by leveraging the existing natural 
gas infrastructure. Similarly, researchers are working 
on a modular system that would convert the natural 
gas now being flared at the wellhead of what are 
known as stranded oil wells—those too far from a 
natural gas pipeline for it to be economical to run 
additional line to capture the gas associated with 
shale oil—into synthesis gas using Fischer-Tropsch 
chemistry. The resulting liquid fuel could then be 
more readily and economically captured and 
transported. Wilhite noted that Qatar is already 
doing this on a large scale to turn natural gas into 
diesel fuel. 

There are many challenges confronting those 
who are attempting to turn the promise of mesoscale 
chemical engineering into practical devices. One of 
the first challenges researchers addressed was the 
difficulty in getting liquids to mix in these 
mesoscale devices. Mixing at the bulk scale is 
dominated by turbulent motion of free liquid when 
agitated, and mixing is controlled either by stirring 
or not stirring a mixture of liquids. At the mesoscale, 
mixing is dominated by the diffusion of momentum 

to such an extent that when two fluid streams are 
brought together in microchannels they do not mix 
at all on any kind of useful time frame. However, 
forming channels with submillimeter ridges and fins 
on the walls disrupts laminar flow and exquisite 
control of mixing (Liu et al. 2013, Stroock and 
Whitesides 2003). 

Another challenge that Wilhite and his group 
addressed was to develop the means of manipulating 
gas-phase chemistry at membrane surfaces. One of 
the first examples of accomplishing this was when 
Wilhite’s group created a device that used a 
membrane to remove contaminants from a natural 
gas stream that would rapidly corrode a second, 
more expensive catalytic palladium-containing 
membrane (Figure 4-4) (Kim et al. 2010, Moreno, 
Damodharan, and Wilhite 2010). Not only did this 
system eliminate corrosion of the catalytic 
membrane, but it also increased the rate of 
permeation through that second membrane by about 
30 percent, Wilhite explained. 

Heat transfer in microreactors has also proven to 
be a challenge, particularly with regard to preventing 
heat loss in a device with hundreds of tiny channels 
passing through a block of material. The key to 
addressing this problem was to develop 
manufacturing techniques that would isolate each 
microchannel and remove the common solid 
substrate (Besser 2011), Wilhite said. “What that has 
allowed us to do is to focus the patterning of a 
catalyst within a heat-exchanging microreactor so 
that we can control the local mesoscale rates of heat 
transfer, rates of heat production, and rates of heat 
utilization by a chemical reaction, in order to get 
significant improvement in the amount of reaction 
we can push through one small volume,” said 
Wilhite. 

In the final portion of his presentation, Wilhite 
discussed some of the challenges of using 
membranes in gas separations. Membrane-based gas 
separation has become the standard industrial 
process since the first gas-separation membranes 
were commercialized in the 1980s as a less-
expensive and lower-energy-use alternative to 
distillation. The main challenge is overcoming the 
inherent limit to the efficiency of these membranes, 
a property revealed by what is known as a Robeson 
map that plots purity of the separation versus the 
permeability of the membrane to that gas. To 
overcome the tradeoff between purity and rate of 
separation, researchers have been adding structured 
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FFigure 4-4 Maniipulation of gaas-phase chemi stry at membraane surfaces ennabled the firstt demonstrationn of portable hiigh-purity 
hhydrogen generration from meethanol. SOURRCE: Wilhite, SSchmidt, and Jeensen (2004). RReprinted withh permission frrom 
IIndustrial & Enngineering Cheemistry. 

inorganic matterials such a s zeolites andd metal oxidee 
fframeworks too the polymeer membraness (Kim, D., ett 
aal. 2014). 

Wilhite and his collabborators have developed aa 
layer-by-layerr deposition technique thatt allows themm 
to control the  chemistry off deposition bby building aa 
ffilm one layyer at a timme, alternatinng positivelyy 
ccharged and nnegatively chharged polymeers. He notedd 
that this proccess is not a s precise as atomic layerr 
ddeposition, bbut that it wworks well for creatingg 
mmembranes. The exampple he desscribed usedd 
ppolyethyleneimmine and ppolyacrylic aacid and thee 
mmembrane grrows by alllowing the polymers too 
aadhere electroostatically to the surface. By adjustingg 
the pH of the dip solutionss, it is possible to tune thee 
level of chargge in the ressulting membbrane film ass 
wwell as the crosslinking beetween the poolymer layers.. 
TThe result is a thick, robust membranne with well-­
ddefined poress that will sepparate hydroggen gas fromm 
ccarbon monooxide, carbonn dioxide, oxygen, andd 
nnitrogen witth performaance charactteristics thatt 
eexceed the uppper bounds predicted by the Robesonn 
mmap by an ordder of magnittude. “We aree able to havee 
aa higher sepparation thann anything else in thee 
literature because of usingg mesoscale chemistry too 
mmanipulate thhe deposition conditions uused to makee 
the membranee,” Wilhite saaid in closing. 

DDISCUSSIO N 

In response to a questiion from Yi LLu about howw 
to incorporatee different ennzymes into a membranee 

withh known spattial definitionn, London reeplied that 
this is a difficult task in an asyymmetric lipiid bilayer. 
“Conntrolling prottein orientatioon is still a mystery,” 
Londdon explainedd, adding thatt there is no ssolution to 
this problem at ppresent. One ppossibility woould be to 
maniipulate the shape of thee proteins ggiven that 
orienntation in thee lipid bilayerr is controlledd to some 
degrree by proteinn shape. Whheeler added that Petra 
Dittrrich and herr colleagues at ETH ZZurich are 
exploring some innovative aapproaches too achieve 
proteein orientatio n. 

VVernon Andeerson from thee National Innstitutes of 
Heallth asked aboout the lateral stability of pproteins in 
the aartificial bilaayers that Loondon createss. London 
repliied that proteeins move latterally quicklly, on the 
ordeer of many timmes per seconnd, but that tthe rate of 
flippping from onee side of the mmembrane too the other 
is veery slow and rreaches hourss or days. 

JJim De Yoreeo asked Wiilhite about wwork that 
mighht have been done to makke synthetic aanalogs of 
sequuence-definedd polymers thhat can operatte in drug 
envirronments. WWilhite repliedd that he did not know 
of anny work in thhis area but tthat the memmbranes he 
and hhis collaboratators make wiill separate gaases under 
drugg conditions aand that the mmembranes hhave good 
stabiility when ussed in dry coonditions. Evven in the 
abseence of waterr, these memmbranes mainntain their 
struccture and theiir separation pproperties. 

LLondon thenn fielded a qquestion fromm Wendy 
Shaww, who askedd if he had anny details on what was 
driviing the phasse separationn seen with different 
memmbranes and if microfluiidics could hhelp gain 
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insights into that process. He replied that the driving 
force of the phase separation is simply the tendency 
of one lipid to prefer a solid phase and the other to 
prefer a liquid phase at some intermediate 
temperature at which these two states will exist. Van 
der Waals forces drive the lipids to pack tightly in 
the solid state, and this is amplified by the presence 
of cholesterol, which also likes to pack tightly in the 
presence of water.  

Andrew Borovik then asked Wheeler if his 
devices could be used to deliver electrons as well as 
reagents in a spatially and temporally defined 
manner. Wheeler’s answer was yes, and that his 
group has in fact done that kind of chemistry for 
electroanalysis and that it should be possible for 
electrocatalysis, too. Borovik commented that this 
capability could be useful not just for doing 
chemistry but also to better understand the 
mechanisms of electrocatalytic reactions. 

Bruce Garrett asked Wilhite if the problem of 
heat transfer was now solved given the results he 
obtained, and Wilhite said that it was not. Heat, he 
said, is still lost to such an extent that it cannot yet 
be recaptured to drive other reactions on the chip. 
Researchers are working on this problem but it has 
yet to be solved. Wilhite also responded to a 
question from Yong Wang of the Pacific Northwest 
National Laboratory about whether industry is 
working to scale these devices to reach the necessary 
capacity for its purposes by noting that industry is 
still concerned about how to monitor and control 

these devices and about the robustness of the 
systems. Because the channels are packed tightly 
into these devices, it is difficult presently to also fit 
in the amount of instrumentation needed to monitor 
chemical processes to the extent that they are 
monitored now in large petrochemical and fine 
chemical manufacturing facilities.  

Lu then asked Wilhite if the devices can operate 
under pressure, and Wilhite said that this, too, is a 
challenge because the devices as they are currently 
made are welded laminates that can fail under 
pressure. Going to a tube-within-a-tube design for 
creating channels reduces the number of welds 
needed to hold the device together. London asked if 
three-dimensional printing can overcome this 
problem by eliminating the need to weld layers 
together, and Wilhite said this was an interesting 
possibility, one that he wants to explore. Cristian 
Contescu from Oak Ridge National Laboratory 
invited Wilhite to use the three-dimensional printers 
in the manufacturing demonstration facility there 
and then asked Wilhite about the cost of these 
devices and whether it would ever be practical to use 
these devices on a large scale. Wilhite acknowledged 
that cost was a big issue and that there are groups 
working to reduce the cost of manufacturing the 
devices by using stamping and rolling processes 
instead of micromachining in order to scale and 
automate production of the devices. He noted, too, 
that tube-in-tube systems should also be less 
expensive to make. 



 

 
 



 

 

 
 
 

 
 

  

 

 

  
 

 
  

  

 
 

 

 
 
 

 

 
 

 

 

 

 

5 


Biomineralization and Geochemical Processes 


Key Points 
	 An important research challenge is understanding the interaction between organic molecules and 

nanoparticle reactivity and how those interactions differ in the laboratory versus in the natural 
world. 

	 Increased understanding of the role of proteins in nucleation and biomineralization processes 
could aid in the development of tools to direct the assembly of nanoparticles. 

	 The growth of biominerals provides a rich area for research at the mesoscale, and new analytical 
tools are changing fundamental understanding about the growth behavior of even common, well-
studied materials. Additional theoretical, computational, and in situ experimental tools that can 
visualize molecular events could be useful in furthering this work. 

	 A comprehensive model that quantitatively describes the diverse pathways of mineralization is 
lacking, and one essential challenge for developing that model is to describe the ensemble 
behavior of coupled solvent–solid systems. 

	 Models for crystal growth that work well for describing the growth of bulk soluble crystals at low 
supersaturation do not work as well when applied to crystals that grow via particle-based 
processes. 

	 Bulk analysis of paleo proxies—geochemical signatures that are recorded in an archive that has 
been preserved and that can be measured—have proven important for understanding large-scale 
changes in the Earth’s geochemistry, but these proxies display unusual and unpredicted properties 
when examined at the mesoscale, in part as a result of large compositional heterogeneity in the 
materials.  

The third session of the workshop explored 
mesoscale phenomena involved in 
biomineralization and geochemical processes. 

Pupa Gilbert, Professor of Physics at the University 
of Wisconsin-Madison, described two kinds of 
biomineral structures and discussed how knowledge 
of those structures proved indispensable for 
understanding the mesoscale biomineral formation 
pathways. John Spencer Evans, Professor at the 
Center for Skeletal Sciences at New York 
University, talked about the families of extracellular 
matrix proteins, how they guide biomineralization 
processes, and how that leads to interesting material 
features. Jim De Yoreo, Chief Scientist for Materials 
Synthesis and Simulation across Scales at the Pacific 

Northwest National Laboratory (PNNL), spoke 
about the ongoing advances in the temporal and 
spatial resolution of in situ imaging methods and 
how those methods are being applied to understand 
the emergence of order in protein matrices and the 
controlling factors in matrix-directed mineral 
formation. Alex Gagnon, Assistant Professor in the 
School of Oceanography at the University of 
Washington, discussed work from his laboratory that 
aims to explain small-scale heterogeneity in the 
geologic record and to understand the implications 
regarding efforts to explore how the carbon cycle 
has changed over the course of the Earth’s history. 
In the final talk, Andrew Madden, Associate 
Professor in the School of Geology and Geophysics 
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at the University of Oklahoma, presented a number 
of important directions for future research for 
mesoscale chemistry in the Earth and planetary 
sciences. An open discussion followed, moderated 
by Patricia Thiel, the John D. Corbett Professor 
Chemistry and Distinguished Professor of Chemistry 
and of Materials Science & Engineering at Iowa 
State University, co-chair of the workshop 
organizing committee, and a member of the 
Chemical Sciences Roundtable (CSR).  

FORMATION PATHWAYS IN BIOMINERALS 
REVEALED BY THEIR STRUCTURE 

Pupa Gilbert started her presentation by showing 
a micrograph of single crystals of calcite that form 
the spines of sea urchins. These crystals have 
rounded structures that defy the usual understanding 
of crystals as structures with flat faces and sharp 
edges. She pointed out that these crystals co-orient 
with each other within 0.025 degrees. Using 
spectroscopic methods to explore the electronic 
structure of the crystals reveals that they have a 
sequence of mineral faces that develop as the 
crystals grow from amorphous precursors (Politi et 
al. 2008, Radha et al. 2010). During the animal’s 
lifetime, a sea urchin’s spines can grow as large as 
30 cm long. Each spine comprises a single crystal 
that has holes on the order of 10 microns, and this 
crystal grows to length in about 10 months, whereas 
with current techniques in the laboratory it would 
take about 82 years if it could be grown that large at 
all, said Gilbert. Understanding the mechanisms that 
support such growth and reproducing it in the 
laboratory could have implications for the 
electronics and solar panel industries and for carbon 
sequestration. 

The crystal growth mechanism that is most 
familiar is one where crystals grow from ions 
attaching one at a time to a nucleus, which grows 
into a bulk crystal with facets and edges. Urchin 
calcite crystals take a different path, one of particle­
by-particle growth. The process starts with 
amorphous nanoparticles that can be as large as 50 
to 100 nm. These nanoparticles aggregate into a 
three-dimensional but amorphous solid that then 
undergoes crystallization. This random-walk process 
spreads in three dimensions as the crystal grows. A 
question that emerges from this is whether the two 
methods produce similar crystals, and if not, what 
are the differences in the crystals that result from the 

different growth patterns? Those are questions that 
Gilbert and her collaborators have been exploring. 

No differences are apparent using x-ray 
diffraction techniques, but other methods do 
highlight some variations. Gilbert showed a calcium 
distribution map of the triradiate sea urchin spicules 
imaged using x-ray absorption near-edge 
spectroscopy and photoelectron emission 
spectromicroscopy (Figure 5-1). Photoelectron 
emission spectromicroscopy reveals the different 
states of calcium carbonate present in the spicule, 
that is, whether it is crystalline calcite, anhydrous 
amorphous calcium carbonate, or hydrated 
amorphous calcium carbonate. These images reveal 
that freshly deposited material at the outer edge of 
the growing spicule comprises a mixture of 
amorphous and hydrous amorphous calcium 
carbonate, while the center is mostly crystalline 
calcite. Crystallinity propagates from the center to 
the outer rim of the spicule (Gong et al. 2012) in a 
series of phase transitions that occur as the urchin 
grows from about 30 hours after fertilization 
occurred to create the urchin embryo. By day three, 
the spicules are completely crystalline, which means 
the phase transitions in the animal are different when 
this process occurs in the laboratory. “So question 
number one is how do biological systems control 
these phase transitions?” Gilbert said. Energetically, 
this phase transition is exothermic, with calcite being 
the lowest energy state. 

These amorphous precursors, said Gilbert, 
explain how the resulting calcite crystals can have 
rounded shapes and grow much larger and 100 times 
faster than in the laboratory. “The morphology is 
determined before crystallization, at the time of 
aggregation,” she explained. 

Gilbert then discussed the production of nacre as 
a second example of biomineralization at the 
mesoscale. Nacre, the lamellar material out of which 
many mollusk shells are made, is iridescent because 
it is layered, and the thickness of the layers is about 
0.5 microns. Nacre, she said, is among the most 
well-studied biominerals, with over 1,000 papers 
published on its structure and properties, yet when 
Gilbert and her team used polarization-dependent 
imaging contrast to examine the aragonite crystals in 
nacre, they found that the published structures were 
wrong (Olson et al. 2013). Instead of the C axis of 
the aragonite crystals in nacre being oriented parallel 
to one another and perpendicular to the nacre layers, 
their orientation differs depending on the species 
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BBIOMINERALLIZATION ANND GEOCHEEMICAL PROOCESSES 37
 

FFigure 5-1 Sea urchin spiculles imaged usiing x-ray absoorption near-eedge spectroscoopy (left) andd photoelectronn emission 
sspectromicrosc opy (right). SSOURCE: Gonng et al. (20122). Reprinted with permissiion from Procceedings of th e National 
AAcademy of Sciiences of the UUnited States off America. 

((Figure 5-2).. In one saample, for eexample, thee 
ccrystals were staggered diiagonally, in another theyy 
fformed sheetts, and in aa third theyy stacked inn 
ccolumns.  

Of the maany features oof nacre that Gilbert’s labb 
hhas since ellucidated, onne is that the aragonitee 
ccrystals grow epitaxially aand a second is that thesee 
ccrystals order gradually by  a physical, nnot biological,, 
pprocess. Duriing epitaxial growth, thee crystals aree 
aalmost alwayys connected to one anotther, and thee 
oones that aree not orienteed correctly to the otherr 
ccrystals appeaar to stop growing and ddie out, whilee 
ooriented crysttals grow fasster and fill space faster.. 
““This is a perfectly abbiotic mechaanism,” saidd 
GGilbert. “It’s a competitiion for spacee model andd 
there’s beautiful math thatt goes along wwith that. [It]] 
is precisely the same mmath that ddescribes thee 
eevolution of bbiological orgganisms in commputation forr 
sspace, food, aand other reso urces.” 

Gilbert’s team also foound that the initial layerss 
oof nacre are mmore disorderred than in thhe final state,, 
aand that thesse initial cryystals die ouut as the co-­
oorientation proocess takes ovver. The speeed with whichh 
cco-orientationn occurs is species deppendent, shee 
aadded. In somme species, coo-orientation bbegins withinn 
110 to 20 miccrons of the initial growwth, while inn 

otherrs it can takee 100 to 2000 microns forr order to 
deveelop. She conncluded her rremarks by nnoting that 
theree are 70 ddifferent pollymorphs off calcium 
carboonate, with tthe ones shee discussed bbeing just 
two of them. “Ea ach and every  one of them can teach 
us soomething verry interestingg technologiccally,” she 
said.. 

NUCCLEATION EEVENTS, MINNERAL ASSSEMBLY, 
ANDD CRYSTAL MMODIFICATTIONS PERFFORMED 
BY DDISORDEREED PROTEINNS 

IIn biological systems, cel ls are the arcchitects of 
the mesoscale, ssaid John EEvans. Cells have the 
genoomic blueprinnts that dictaate how the pprocess is 
goinng to go from initiation to its conclusionn. He also 
noted that therre are moree than 60 different 
biomminerals on EEarth produceed by 55 phhyla in all 
five kingdoms. OOf these, 80 percent are ccrystalline 
mateerials and 200 percent are amorphous, and they 
are mmade from 222 different ellements. It is likely, he 
addeed, that therre are commmon mechannisms for 
formming these bioominerals (VVeis 1990), thhough this 
hypoothesis has yeet to be provenn. 
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FFigure 5-2 Side view of fractuured nacre fromm two differentt species of moollusk shows tthe different crrystal arrangemments when 
immaged using ppolarization-deependent imagiing contrast. SSOURCE: Olsoon et al. (20133). Reprinted wwith permissio n from the 
JJournal of Structural Biologyy. 

If cells aare the archittects of biomminerals, thenn 
bbiomolecules are the connstruction woorkers of thee 
mmesoscale, annd biominerallization can bbe consideredd 
aa “hard–soft”” assembly process in wwhich “soft”” 
nnanocomponeents, particulaarly proteins,, assemble too 
fform “hard”  mesoscale and largerr biominerall 
sstructures. CCells use prroteins to ggenerate thee 
nnanoscale components thhat assemble into larger-­
sscale solids wwith either shoort- or long-raange ordering,, 
aa process thaat involves prrotein-based mediation off 
nnucleation aand disorder-to-order traansformation.. 
UUsing nacre ffrom mollusk shells as a mmodel system,, 
eeach nacre taablet comprisees a coherentt aggregationn 
oof calcium caarbonate nanoograins that rrange in sizee 
ffrom 3 to 10 nm, andd nanoscale bridges andd 
aasperites—rouugh, nanosizzed bluffs—oon the tablett 
ssurfaces help interlock thhe tablets an d keep themm 
ffrom being di splaced durinng crystal growwth. 

Proteins pplay a key roole in creating the tablets.. 
EEach table commprises a pollysaccharide layer of beta-­
cchitin onto wwhich is depposited a silkk protein gell 
mmatrix. Insidee this matrixx is a familyy of proteinss 
ccalled framewwork proteinss that are responsible forr 

nucleation that ooccurs in the gel phase. IInside the 
tableets is anothher set of proteins kknown as 
interrcrystalline prroteins and thhey exist as iinclusions 
or vvoids inside the table crrystals. Each of these 
proteeins contains regions of ammino acids thhat do not 
fold and do not fform stable sttructures; thesse regions 
are labile, dyynamic, annd they ddestabilize 
aggrregation. These proteins aalso contain rregions of 
aminno acids that aare prone to aaggregate simmilar to the 
way that beta-ammyloid plaqques aggregatte in the 
brainns of patieents with Alzheimer’s disease. 
Togeether, these different reegions simulltaneously 
prommote and desttabilize aggreegation, whicch is what 
is seeen in atomiic force micrrographs (Figgure 5-3). 
“Wee see evidennce of aggrregation but no real 
ordeering of the sstructures,” saaid Evans, wwho added 
that these proteiins can actuaally scuttle along the 
surfaace of the devveloping crysttals. 

AAs far as whaat these proteein phases, ass he called 
the aaggregates, ddo in the nuc leation proceess, Evans 
said that a nonc classic nucleaation model ppostulates 
that nucleation sttarts from suppersaturated cconditions 
whenn prenucleeation clussters form.. These 
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FFigure 5-3 Atommic force micr ographs of framework proteiin N16.3 (left)) and the intraccrystalline prottein AP7 (righht) showing 
rregions of aggrregation but no  ordering. SOUURCE: Evans ((2014). Reprinnted with permiission from Johhn S. Evans. 

pprenucleation clusters are small ion chhains that aree 
nno more thann 1 to 3 nmm across and that can co-­
aassemble intoo an amorphouus aggregate of about 1000 
nnm in size. Thhis amorphouus precursor has one of twoo 
ffates: it can ddissolve and pprecipitate again to form aa 
ccrystalline phhase or it cann persist in aan amorphouss 
pphase if theree is somethinng present to stabilize thatt 
sstate. Evanss explained that somee interestingg 
mmesoscale efffects are seenn during this process, andd 
the role of somme proteins inn the nucleatiion process iss 
bbeginning to be understoood. Focusing on a pair off 
pproteins, Evanns noted that the intercrysttalline proteinn 
AAP7 (Figure 55-3, right) sloows down butt supports thee 
fformation of tthe prenucleation clusters bby a factor off 
22, while the N16.3 (Figuure 5-3, leftt) frameworkk 
pprotein affectts a differentt part of the process andd 
ddestabilizes thhose prenuclear clusters. 

Using fllow cell teechnology wwith electronn 
mmicroscopy too observe the nucleation prrocess, Evanss 
aand his collaaborators havve shown that with AP77 
intercrystallinne protein pressent in a saturrated solutionn 
oof calcium ccarbonate, the mineralizaation reactionn 
fforms clusters of ring-likee or donut-liike structuress 
that eventuaally produce branching mineralizedd 
sstructures (Figgure 5-4), whhereas when AAP7 is absent,, 
aamorphous c alcium carboonate forms rapidly in aa 
cchaotic mannner (Chang ett al. 2014b). As the AP7-­
mmediated proccess continuess over a periood of minutes,, 
ccalcite crystaals grow annd become coated withh 

proteein, which ddirects nanopparticles of calcite to 
attacch to the grrowing crysttal to create a three­
dimeensional, oorthogonally arranged, ordered 
struccture that agaain has proteinn on its surfacce (Figure 
5-5).. “There is aa continual ddeposition of a protein 
phasse on top of an exist ,ting crystal, causing 
nucleation and thhe assembly oof nanopartic les on the 
surfaace,” said Evvans. The frammework proteein N16.3, 
on tthe other haand, appearss to be direecting the 
emerrgence of neew crystal ggrowth direc tions and 
creatting nanotexxturing alonng the sidees where 
emerrging crystalss are growingg (Figure 5-66) (Chang 
et all. 2014a). Sliicing throughh crystals gro wn in the 
preseence of AP77 reveals thatt they are poorous and 
that there are miicro-, meso-, and macrosiized pores 
all wwithin the saame crystal. “So not only do we 
moddify the surfaace, we modiify the interiior as the 
crysttal grows,” saaid Evans. 

EEvans and his colleagues hhave also stuudied what 
happpens when theere is more thhan one interccrystalline 
proteein present annd found thatt the kinetics of crystal 
formmation can chaange significaantly dependiing on the 
ratioos of the ddifferent protteins. In onne set of 
expeeriments, theey paired AAP7 with PFFMG-1, a 
proteein found in JJapanese oystter pearl nacrre and that 
by ittself forms cluusters of crysstals that resemmble pine 
conees. When thee two proteinns are mixedd in equal 
molee amounts, ththe result is a pine cone structure 
withh nanoparticcles growinng on topp of it. 
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FFigure 5-4  APP7 protein phaases assemblee and organiz e mineral nannoparticles, sttarting with rring-like struc tures in a 
ppremineralization step (A) aand proceedingg through earlyy (B) and latee (C) minerali zation steps. SSOURCE: Perrovic et al. 
((2014b). Reprinnted with permmission from Biiochemistry. 

FFigure 5-5 Intercrystalline prr ootein AP7 inducces the growthh
aal. (2014b). Repprinted with peermission fromm Biochemistryy. 

MMeasurement s of amorpphous calciumm carbonatee 
ssolubility as a functionn of time showed thatt 
nnucleation events are slighhtly destabilizzed when thee 
AAP7:PFMG-11 ratio wass 10:1, a little moree 
ddestabilized aat a 1:10 ratio, and stronglyy destabilizedd 
aat a 1:1 ratioo, though on a longer timme frame. Att 
eequal molar amounts, exxplained Evaans, “it takess 
longer for amorphous calciium carbonatee to form andd 
it is highly uunstable relatiive to what eeither proteinn 
ddoes on its oown.” In adddition, there is a second,, 
ssmaller nucle ation event tthat occurs laater when thee 
two proteins are present iin equal amoounts. Furtherr 
eexperiments sshowed that nucleation can even stopp 
wwith the resuult that a stabble phase forrms in whichh 
nnucleation is essentially suuspended. Thhis is called aa 

 of ordered sinngle-crystal nannocalcite coatiings. SOURCEE: Chang et 

polyymer-induced liquid-phasee precursor, ssomething 
that was observved a decadde ago with polymer 
systeems that forrm lipid phases with ammorphous 
precuursors. He noted thhat this iinteresting 
phennomenon needds further stuudy. He also predicted, 
in cllosing, that tthese biomineeral assemblyy proteins 
could be used to ddirect the ass embly of nannoparticles 
madee of other minnerals. 
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FFigure 5-6 Frammework proteinn N16.3 directss crystal growtth and nanotexxturing. SOURRCE: Chang et al. (2014b). RReproduced 
wwith permissionn from CrystEnngComm. 

TTHE DYNAMMICS OF MAACROMOLECCULAR 
AASSEMBLY AND SUBSEQUENT MIINERAL 
FFORMATIONN: UNDERSTTANDING THHE 
EEMERGENCCE OF ORDER 

“Mineral formation iss a manifesttation of thee 
intimate link that exists bbetween biollogy and thee 
eenvironment,”” said Jim DDe Yoreo. Thhe process off 
bbiomineralizaation, he addeed, occurs onn such a vastt 
sscale that it affects the planet’s chhemistry andd 
ggeology. The White Clifffs of Dover, for example,, 
aare made up aalmost exclussively of the deposits of aa 
ssingle organiism and theey record the interactionn 
bbetween the planet and its biota stretching backk 
through the CCambrian Periiod. He also nnoted that thee 
nnucleation off ice in clouuds is drivenn by minerall 
aaerosols that originate in soils, often the result off 
bbiological acctivity. “Thee point is, you cannott 
sseparate the near-surface mineralogy of the Earthh 
ffrom the actioon of biology,,” said De Yoreo. 

Nucleation, he said, 
ddensity fluctuuations that 
bbarrier, a theoory put forth 
in two paperrs published 
mmeans of expplaining howw

occurs throuugh unstablee 
overcome a free energyy 
by Josiah WWilliard Gibbss 
in 1876 andd 1878 as aa 
water dropllets form butt 

that was subsequuently appliedd to crystals. De Yoreo 
explained that th he rate of nuccleation can bbe written 
in teerms of two eexponential BBoltzmann fa ctors, one 
of wwhich describees the atomisstic processess involved 
in crrystallization,, including thhe desolvatio n of ions, 
and the other desscribing the ffree energy b arrier that 
Gibbbs postulatedd. He also exxplained thatt the free 
energgy expressioons have a ddependence on volume 
that is stabilizingg and a depenndence on arrea that is 
destaabilizing. Thhe volume effect arisess because 
preciipitation intoo the bulk droops the free energy of 
the ssystem to ze ro, while thee surface effeect comes 
withh a free eenergy penaalty. Togetheer, these 
comppeting energgy terms creeate the freee energy 
barriier. 

AAs Evans noted in his prro esentation, reecent data 
and simulations aargue for nonnclassical meechanisms 
of nnucleation in which mm sters firstn ulti-ion clus 
aggrregate to forrm amorphouus particles that then 
transsform to cryystals. In thiss model, thee classical 
nucleation barrierr is eliminateed by the agg regates of 
thesee clusters, saaid De Yoreoo. However, there are 
also data regardding the diistribution off smaller 
clustters of calccium carbonaate that are seen in 
cryo oelectron miccrographs thaat he said aargue for 
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classical mechanisms of nucleation. “If you look at 
the distribution, they look essentially classical,” said 
De Yoreo, who added that this debate needs further 
study to resolve, he said.  

Another possible mechanism posits that these 
systems crystallize by first phase-separating into two 
liquids, one of which is a dense liquid phase that 
then dehydrates and turns into a crystalline phase. 
Molecular dynamics simulations suggest that the 
free energy of clustering is a downhill drop with no 
barrier, and that the diffusivity of the ions within 
these clusters is essentially that of liquids and orders 
of magnitude larger than what would be expected for 
solids, he explained (Bewernitz et al. 2012, Wallace 
et al. 2013). 

There has also been a change in thinking in 
recent years about what takes place during crystal 
growth after nucleation. Classical crystal growth 
happens by the addition of monomers to step edges 
that can be generated by two-dimensional nucleation 
or via a dislocation. This classical view works well 
for bulk soluble crystals growing at low 
supersaturation. Many crystals, however, grow 
instead through particle-based processes, both of 
biogenic and nonbiogenic origin, such as those that 
Gilbert and Evans discussed and that other 
investigators have described. What is needed, said 
De Yoreo, is a comprehensive model that 
quantitatively describes the diverse pathways of 
mineralization (Figure 5-7). The essential challenge, 
he said, is to describe the ensemble behavior of a 
system that represents a coupled solvent–solid 
system. “That coupling happens across scales, and I 
don’t just mean length scales, I mean time scales and 
energy scales. And we want to describe the 
ensemble process, but we want it to be predictive, 
and that means we have to maintain molecular 
fidelity where it’s needed,” said De Yoreo. 

The challenge, then, is to create theoretic 
frameworks and computational tools to describe 
ensemble phenomena with molecular fidelity and in 
situ experimental tools that can visualize molecular 
events. In terms of key mesoscale science 
challenges, De Yoreo listed the need to understand 
solution structure and fluctuations at solution–solid 
interfaces and confined interparticle regions; the 
evolution of fields and forces during assembly and 
translation into motion; the size dependence of free 
energy of formation, solvation energy, and phase 
stability; and the existence of prenucleation clusters 
and dense liquid states in electrolyte solutions. 

His group is tackling some of these challenges 
by using in situ methods to watch how nucleation 
and growth occur. In one set of experiments, his 
group is using in situ atomic force microscopy to 
examine how microbial membranes form two-
dimensional crystals with a well-ordered lattice 
structure. These crystals form with the aid of 
proteins that start out in a disordered form but over 
time become crystalline. Once they reach the 
crystalline stage, tetramers form along the growing 
crystals’ edges. De Yoreo explained that because 
these tetramers never form before crystallization 
starts, it is “apparently not possible for the protein to 
find its way to the folded tetrameric state without 
first passing through this liquid-like state.” Once 
they do form, however, they never leave and the 
clusters never disappear, so this is not a nucleation 
process because the solid does not communicate 
reversibly with the reservoir of proteins in solution. 
Taken together, these observations suggest that 
structural fluctuations occur on a longer timescale 
than density fluctuations and that conformational 
entropy drives a two-step pathway via an irreversible 
formation of liquid-like precursors. The 
conformational entropy drives the system through 
this two-step pathway to irreversibly form liquid-
like droplets in which the proteins are in close 
enough contact for a long enough time to find the 
specific bonds they need to form an ordered 
structure. In this system, De Yoreo said, the 
emergence of order catalyzes assembly (Chung et al. 
2010). 

Mineral systems are no less complex, said De 
Yoreo. Studies on calcium carbonate nucleation 
demonstrated that multiple processes can occur 
simultaneously. In one process, amorphous calcium 
carbonate grows in size until a new nucleation event, 
which occurs on the surface of the particle, 
transforms amorphous calcium carbonate into 
crystalline aragonite. What these experiments 
showed was that all of the phases of the calcium 
carbonate system are stable relative to the solution 
and metastable relative to calcite. Moreover, the 
level of supersaturation needed stabilize amorphous 
calcium carbonate makes all of the pathways 
available and which one dominates in the transition 
to calcite is unpredictable. 

Living systems, however, cannot tolerate this 
type of flexible system, and they use proteins and 
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FFigure 5-7 The mmany diverse ppathways of mmineralization. SSOURCE: De Yoreo (2014). . Reproduced wwith permissionn from Jim 
DDe Yoreo and PPupa Gilbert. 

oother biologiccal polymers tto direct transformation too 
sspecific crysttalline forms. In nature, surfaces aree 
ccovered in pproteins andd other orgaanics, whichh 
impacts bothh nucleationn rate and the minerall 
fformation pathhway. De Yooreo explainedd that when aa 
nnucleus formss on a surfacee, this creates an interfaciall 
eenergy betwe en the crystaal and the subbstrate, but itt 
aalso eliminatees an interfaace between the substratee 
aand liquid thaat had existed.. The result iss that the neww 
interfacial eneergy is a compposite term thhat is equal too 
the old one timmes a correctiion factor. 

It turns ouut, said De YYoreo, that addding organicc 
ppolymers to a supersaturrated solutionn of calciumm 
ccarbonate cann redirect nnucleation paathways. Forr 
eexample, pollystyrene sullfonate, a poolyelectrolytee 
ppolymer, bindds large perceentages of the calcium ionss 
in solutions and produces globules thatt are 20 to 800 
nnm in size. AAdding carbonnate to the soolution resultss 
in nucleation only occurriing in these globules andd 
the nuclei thatt form are ammorphous. In aanother set off 
eexperiments with iron oxxide, De Yooreo and hiss 
ccolleagues observed thhat ferrihyddrate formss 

dummbbell-shaped particles thaat engage in loong-range 
interractions over 5 to 10 nm wwith other parrticles that 
causses them to juump to each other over a 5- to 10­
angsstrom distancce (Nielsen eet al. 2014). . Plots of 
transslational andd angular vellocity versuss distance 
showw a sharp inccrease occurriing when twoo particles 
comee within aboout 1 nm of each other (Li et al. 
20122). De Yoreoo said that caalculations suggest that 
van der Waals annd ion correl ation forces can act at 
longg range to br ring the parti cles togetherr, but that 
electtrostatic forcees dominate inn this case.  

HHe concludedd his presentation with hiis view of 
somee of the keey mesoscalle science cchallenges 
regarrding understtanding nucleeation and groowth. “We 
don’ ’t know wh at the soluttion structuree and its 
flucttuations are aat solution–soolid interfaces, and we 
knoww even less about it inn the regionn between 
partiicles. We donn’t know howw the fields aand forces 
evolvve during asssembly, and how those ffields and 
forcees translate innto motion. WWe have to uunderstand 
whatt the size deppendence of ffree energies, solvation 
energgies, and phaase stabilitiess are and thoose impact 
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whether or not prenucleation clusters really exist and 
take part in the formation process or whether there 
are dense liquid states within the system,” said De 
Yoreo. Above all, he added, there is a need for 
theoretical frameworks and computational tools that 
can describe the ensemble phenomenon in these 
systems while keeping molecular fidelity where it is 
needed, and experimental tools that can visualize 
molecular-scale events in real time. 

SMALL COMPOSITIONAL SIGNALS WITH A 
BIG IMPACT: FROM SUBMICRON 
GEOCHEMICAL HETEROGENEITY TO 
CLIMATE RECORDS 

Paleo proxies are one of the fundamental tools 
used to understand Earth’s history and climate, 
explained Alex Gagnon. The chemical composition, 
or geochemical signature, of that archive reflects 
how mass and energy has moved around the planet. 
While measurements of these paleo proxies have 
been incredibly important for conducting bulk 
analysis, they display unusual and unpredictable 
properties when used at the mesoscale. “If you look 
at a really small scale, what we typically see, 
especially in biominerals but in a large number of 
systems, is small-scale but large-magnitude 
compositional heterogeneity that presents both a 
challenge in how we interpret how we think proxies 
work and an opportunity in that there is rich 
information encoded in this heterogeneity that could 
potentially help us understand and reconstruct 
climate signals in new and improved ways,” said 
Gagnon. 

One biomineral of particular interest in this 
regard is produced by a free-living, single-cell 
organism called foraminifera that produces a 
calcium carbonate shell. When this organism is 
building its calcium carbonate shell, it is 
incorporating the O16/O18 ratio that exists in the 
ocean at that particular time. This ratio is influenced 
by the amount of water that is deposited in ice—the 
process of evaporating water and making snow 
fractionates stable isotopes, and when done over a 
long enough period of time, such as during an ice 
age, the composition of seawater will change and 
that is reflected in this O16/O18 ratio. As these 
organisms die, they fall to the bottom of the ocean 
and build up large deposits of carbonates that can be 
sampled by taking cores. Analyzing those cores for 

their O16/O18 ratio provided the first insights into the 
fact that there had been regular ice ages in the past 
and that analysis, conducted in the 1960s, showed 
both the time and pace of these ice ages. 

Another important paleo proxy, one used widely 
to reconstruct sea surface temperatures, also uses 
foraminifera and it is based on the empirical 
observation that its skeleton is not pure calcium 
carbonate but includes a number of impurities, 
particularly magnesium. The empirical observation 
is that if these organisms are cultured at different 
temperatures, the magnesium/calcium ratio of a 
collected group of these organisms changes as a 
function of temperature, and that an analysis of 
sediment cores for that ratio provides a proxy for 
past sea surface temperatures. At the bulk scale, the 
correlation between temperature and 
magnesium/calcium ratio is robust within a 
particular species of foraminifera. Again, the signals 
from this paleo proxy show alternating periods of 
warm conditions and ice age conditions, and they are 
reproduced in sediments from around the world. One 
interesting feature of this paleo proxy is that it 
provides tropical and high-latitude temperatures and 
the differences between them are what drive heat 
and power weather systems around the planet.  

The problem with these proxies arises when 
looking at individual foraminifera, and the reason is 
that temperature is not the only factor involved in 
influencing the magnesium/calcium ratio, and a 
number of different anomalies hinted at the problem, 
including the fact that simple precipitation 
experiments produced much different results than 
what is seen in biominerals. The most conclusive 
experiments were done on individual foraminifera 
that had been grown in the laboratory at constant 
temperature. Accurate spot analysis of individual 
shells showed that the magnesium/calcium ratio 
could vary by as much as a factor of 2 to 4 in a 
single organism cultured at constant temperature. 
Measurements using a variety of microanalytical 
techniques—including nanoscale time-of-flight 
secondary ion mass spectrometry (TOF-SIMS), 
which provides compositional isotopic maps at the 
submicron scale on spots the size of a few hundred 
nanometers—revealed regular banding of 
magnesium and calcium levels even with the shells 
of individual foraminifera. This finding raises the 
question, then, of what modulates this banding 
beyond temperature. 
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FFigure 5-8 Miccrographs showwing the primmary organic mmembrane (POOM) on whic ch foraminiferaa and corals grow their 
mmineralized struuctures. SOURRCES: (A) Speero (1988). Repprinted with peermission fromm Marine Bioloogy. (B) Egginss, Sadekov, 
aand De Deckkeer (2004). Reprrinted with permmission from EEarth and Plannetary Science Letters. 

OOne possibilitty is that pHH could be pllaying a role,, 
aand indeed, wwhen Gagnon and his collabborators greww 
fforaminifera iin the lab in a range of pHs, they saww 
the submicronn scale of maagnesium/calccium bandingg 
cchanged as a function of ppH. Foraminiifera culturedd 
aat low pH shhowed high-aamplitude baanding, whilee 
those grown at high pHH showed mmuch lower-­
aamplitude baanding. Addiitional analysses done onn 
impurities othher than maggnesium, suchh as sodium,, 
identified simmilar patternns of variaation at thee 
mmesoscale. HHis group is nnow collectinng data for aa 
nnumber of ddifferent ionss using nano-TOF-SIMSS 
to construct detailed ccompositionaal maps off 
fforaminifera grown underr different coonditions. Hee 
nnoted that inn every foramminifera exammined so farr 
there is a hiigh-sodium rregion associated with aa 
kknown organ e that is lammic membrane inated to thee 
ccalcite skeletoon. He also saaid that his teaam has foundd 
these variationns at the messoscale in corrals and otherr 
bbiominerals.  

Taken toggether, these data raise quuestions aboutt 
hhow these meesoscale proc esses of biommineralizationn 
aaffect the inteerpretation of records of Eaarth’s climatee 
hhistory. Whatt is needed, said Gagnonn, is a set off 
tools to help map this hetterogeneity annd to explainn 
this heterogenneity at a cheemical scale. He said thatt 
hhe believes thhis heterogeneeity can proviide importantt 
cclues about thhe past climatte history of tthe Earth thatt 
aare presentlyy missing. In additionn, a betterr 
uunderstandingg of these processes coould providee 
inspiration for biomimmetic apprroaches forr 
ccontrolling tthe compos ition of mminerals andd 
mmaterials at veery small scalles. 

Turning tto the issue oof identifyingg mechanismss 
that might bbe producing these bandding patterns,, 

Gagnnon first revviewed somee possible mechanistic 
forcees that couldd be operatiing, includinng diurnal 
forciing of the fooraminifera mmicroenvironnment, the 
dynaamics and cheemistry at thee site of calciffication as 
influuenced by orgganismal ion--specific pummping, and 
the mmineral growwth kinetics annd thermodynnamics as 
affeccted by organic mmineral intteractions. 
Foraaminifera, it turns out, aare a good mmodel for 
studyying how oorganic–minerral interactioons might 
affecct compositioon, in part because theyy have a 
comppositional vvariability thhat is structuured and 
becaause they layy down a verry clear orgaanic layer, 
knowwn as the pprimary orgaanic membraane, upon 
whicch they groow their skeeletons (Figgure 5-8). 
Exammining the deetailed compoosition of thee minerals 
extennding out frrom this memmbrane couldd provide 
inforrmation on hhow the orgaanic mineral interface 
influuences compoosition. 

GGagnon and his team h ave used atoom probe 
tomoography, a mmethod for recconstructing the atom-
by-aatom compos ition of a saample, to ex plore this 
interrface in detaiil. This field emission tecchnique is 
typiccally used wiith conductivve materials bbecause it 
requuires applyingg a large chaarge to the ssample in 
ordeer to ionize iindividual attoms from a prepared 
sectiion of the saample, but wwith some creeative and 
brutee-force approoaches and bby taking advvantage of 
the ffact that carbbonates are innsulators, his team was 
able to analyze the atomicc compositioon at the 
orgaanic mineral iinterface fromm a single forraminifera 
skeleeton. One obbservation from these exxperiments 
was that the soodium conceentration is increased 
drammatically on tthe organic sside of the innterface, a 
findiing that he said can hhelp distinguuish how 
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FFigure 5-9 Soddium intensity image obtainned using nan oscale TOF-SSIMS. SOURCCE: Gagnon (22014). Reprodduced with 
ppermission fromm E. Bonnin annd Andrew Ga gnon. 

oorganics annd the orrganic–mineraal interfacee 
influences commposition. 
““There is a coompositional signature, andd the locationn 
ccan tell us abbout mechannism,” he saidd,adding thatt 
these data aree consistent with the signnature of thee 
large sodium signature dettected with otther methods,, 
ssuch as tiime-of-flight secondary ion masss 
sspectrometry (Figure 5-9)), that are uused to makee 
mmeasurementss at larger s cales. “Whatt we’ve noww 
sshown is that we can scalee up from nannometer-scalee 
mmeasurement that tells uss about the chemistry off 
these interactiions to microsscale maps off compositionn 
aand then move from the se micron-sccale maps off 
ccomposition tto be able too tell us aboout ensemblee 
bbehavior and gglobal climate,” said Gagnnon. 

MMESOSCALE GEOCHEMMISTRY RESSEARCH 
OOPPORTUNIITIES ON, WWITHIN, ANDD BEYOND 
EEARTH 

In the finaal presentatioon of this sesssion, Andreww 
MMadden illuustrated the wide applicability off 
mmesoscale cheemistry to thee study of Eaarth and otherr 
pplanetary sysstems. To doo so, he preesented threee 
uunrelated vignnettes. The fiirst vignette eexplored howw 
to investigate size-dependeent reactivity in the naturall 
wworld. One aapproach woould be to ddo laboratoryy 

expeeriments andd study proccesses that might be 
impoortant for the environmentt, make observvations of 
the nnatural worldd, and see iff the two setts of data 
correelate with eacch other. “Butt what we acttually find 
in thhe natural eenvironment is that nannoparticles 
aren’t really isolaated,” said MMadden, suggeesting that 
it mmight be posssible to use observations from the 
naturral environmment to infform new llaboratory 
expeeriments. “In that way, wee could say wwhether or 
not size-dependeent reactivityy and nanosscale size 
effeccts were impoortant for the natural worldd.” 

IIn fact, what Madden and his colleaguees did was 
to ddo experimennts in both the lab annd nature 
simuultaneously bby taking thrree differentt sizes of 
magnnetite nanopparticles annd putting them in 
grouundwater in nnature and in synthetic grooundwater 
in thhe laboratory.. What they ffound from ccomparing 
the rresults from these two ennvironments iis that the 
nanooparticles wwere far moore reactivee in the 
laborratory than inn the field. MMoreover, in thhe lab the 
smalllest particless were the moost reactive, but in the 
fieldd it was the llargest particcles that displlayed any 
reacttivity at all (Swindle et al. 2014). WWhat was 
happpening, expllained Maddden, was thhat large 
orgaanic moleculees accumulatee on the nannoparticles 
in nnatural grounndwater, whiich has the effect of 
passiivating the aability of the nanoparticlees to react 
(Figuure 5-10).  
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FFigure 5-10  Ann organic filmm on a magneetite nanoparticcle suppressess field reactiviity. The blackk bar represennts 10 nm. 
SSOURCE: Swindle et al. (20114). Reprinted with permissioon from Enviroonmental Sciennce & Technoloogy. 

AAnother projeect, this one iinvolving a bbacterium thatt 
ooxidized maggnesium, fouund that orrganics weree 
rrequired for optimal mmanganese oxxidation andd 
ccrystal formaation (Learmaan et al. 20111). In thesee 
eexperiments, manganese oxidation uunder abioticc 
cconditions prroduced disorrdered, poorlly crystallinee 
mmanganese ooxide as the end producct, but whenn 
cconducted wiith cell-free extracts preppared from aa 
bbacterium thaat oxidized mmanganese, thhe result wass 
initially the ssame, but over time muchh larger, andd 
oordered mangganese oxide crystals formmed. “So onee 
oof the researcch challengess we could thhink about inn 
aapplying nanooscale size efffects to the nnatural worldd 
is how can wwe sort out when organnics passivatee 
nnanoparticle reactivity aand when thhey actuallyy 
ppromote nannoparticle reaactivity, andd what’s thee 
bbalance between those inn different ennvironments,”” 
ssaid Madden. 

The seccond vignette examin ed whetherr 
nnanomaterialss and mesom aterials couldd be involvedd 
in the processses that triggeer earthquakees. Followingg 
the 1999 Chi--Chi earthquaake in Taiwann, researcherss 
ccollected coree rock materiaal from the faault zone thatt 

was active duringg that earthquuake. While tthis might 
seemm to be a strretch, a carefful examinatiion of the 
mateerial collectedd showed thaat it was maade out of 
nanooscale to messoscale particcles (Ma et al. 2006). 
Usinng an instrumment that cann simulate thhe type of 
proccesses occurrring in faultt zones, Maddden and 
Univversity of Okklahoma colleeague and coollaborator 
Ze’eev Reches found thhe same type of 
nanooparticulate mmaterials in the gouged rocks. It 
turnss out that these nanoscale and mmesoscale 
partiicles that are gouged out of the rock as a fault 
beginns to slip mayy be coming together to crreate what 
are eessentially rooller bearingss. These bearrings then 
reduuce the frictioon at the fauult line and allow the 
faultt to continuee to slip, prooducing an eearthquake 
(Figuure 5-11) (Reeches and Locckner 2010). 
Maddden explaineed that the drrop in frictionn between 
the ttwo plates in Reches’s insttrument that ssimulate a 
movving fault ccorrelates wiith the nummber and 
diammeter of the rrollers presennt between thhe moving 
platees. He notedd, too, that thhere is a funndamental 
aspeect of how thee inner particcle forces in tthe gouge 
partiicles are creatting strength eenough to ho ld those 
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FFigure 5-11 Rolllers composedd of nanoscale mmineral grains with composittion similar to bulk rock are fformed under cconditions 
rre-created to mmimic those thatt occur during a fault-slip earrthquake. SOUURCE: Maddenn (2014). Reprooduced with peermission 
ffrom Xiaofeng Chen, Andreww Elwood Maddden, and Ze’evv Reches. 

rrollers togethher until theyy reach a criitical size, att 
wwhich point thhey fall apart . Understandiing the forcess 
involved will require further study, he ssaid. Vignettee 
nnumber three dealt with effforts to trace the history off 
wwater on Mars and to undeerstand how llong rocks onn 
MMars were in contact wwith water annd how thatt 
ccontact produuced the geeological siggnatures seenn 
today. The keey mineral oof interest in this study iss 
ccalled jarositee, a hydrous sulfate of pootassium andd 
iron that onlyy forms a verry narrow sett of chemicall 
cconditions. OOutside of tthose conditiions, jarositee 
bbreaks down with continuued contact wwith water too 
pproduce simppler iron oxiddes. “The factt that jarositee 
is found on MMars tells us tthat the duratiion of water–– 
rrock interactiion was nott that long, and we cann 
aactually try too time it,” expplained Maddeen. 

Madden, wworking withh the principaal investigatorr 
ffor this project, Megan Ellwood Maddeen, measuredd 
the dissolutioon kinetics oof jarosite uunder variouss 
cconditions annd saw whaat thousands of previouss 
ggeochemical eexperiments have seen—ssolute releasee 
into an aqueeous solutionn rises quickkly and thenn 
pplateaus. Hoowever, furtther experimments usingg 
ssaturated brinnes found tthat when jaarosite is inn 
ccontact with these saturated brines, thhe dissolutionn 
rreaction sudddenly accelerrates at somee point as aa 
rresult of aa feedback process innvolving thee 
ddissolution prroducts. Furthher experimennts found thatt 
wwhen jarositee dissolves, it releases iron, whichh 
pprecipitates, aand potassiumm sulfate, whhich does not.. 
TThe sulfate iions combinne with calciium to formm 
ggypsum, whicch now disruupts the chargge balance inn 
the system annd the residuaal chlorine theen attacks thee 

jarossite, hasteninng its dissoluttion. These rresults are 
of innterest becauuse mesoscalee structures kknown as 
shalees are now beeing tapped aas sources of natural as 
and oil. The shalles contain p ores that cann be filled 
withh the briny ssolutions beinng injected iinto shale 
depoosits. “I thinkk that once we start inteerrogating 
thesee rocks in diifferent wayss, we’re goinng to find 
somee unique messoscale effectts that will c hange the 
types of minerall–water interractions that might be 
impoortant from wwhat we thoought otherwwise,” said 
Maddden in concluuding his pressentation. 

DISCUSSION 

SSession modderator Patriccia Thiel sttarted the 
discuussion by aasking if thhe panelists saw any 
connnections betwween their wwork and the work on 
catallysis that wass discussed iin the workshhop’s first 
paneel presentationn. Gilbert ressponded first by noting 
that there is one bbig differencee between catalysis and 
biommineralizationn processes:  catalysis is about 
acceelerating reacctions, wherreas biomineeralization 
retarrds both thee nucleationn and crystaal growth 
proccess that pproceed rappidly underr abiotic 
condditions. Evanns elaborated on Gilbert’ss remarks 
by nnoting that in biomineralizzation there iss a “pause 
buttoon” where bbiomoleculess come togeether and 
reguulate nucleatioon and subseequent steps in a way 
that allows manyy other commponents to ccome into 
play at different times in the nucleation annd growth 
phasses to further regulate andd control the pprocess to 
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produce biominerals with the necessary physical 
properties. 

Gagnon said that there are analogies between the 
two fields because both are trying to understand how 
different components of a complex system interact at 
the mesoscale to produce a desired function. Just as 
model systems of enzymes that only recapitulate the 
inorganic metal centers are informative but do not 
capture the full behavior of the native enzyme, 
abiotic models of biomineralization provide useful 
insights but do not capture the full complexity of the 
system in nature. De Yoreo added that one similarity 
both fields have is that they are trying to understand 
the energy landscape that drives or inhibits reactions, 
and in both catalysis and biomineralization there are 
proteins that are manipulating energy landscapes, in 
the former to accelerate a chemical reaction and in 
the latter to control the kinetics of crystal formation. 

Anne Chaka, from PNNL, asked the panel what 
role water positioning and transport plays in 
biomineralization processes. Gilbert replied that one 
of the keys to biomineralization reactions in general 
is to exclude water and that biomineralization 
always occurs behind closed membranes from which 
water is excluded. She added that going through an 
amorphous precursor, which she described in her 
presentation as playing an important role in the 
formation of calcite, is a “smart trick because if you 
calculate the volume of a supersaturated solution 
that would be needed otherwise, it would be orders 
of magnitude larger than the entire organism.” In 
short, she said, there is no water involved in 
biomineralization. De Yoreo tempered Gilbert’s 
comments by saying that the biomineral world is 
vast. “The number of cases that have been studied 
enough to understand whether or not particular 
aspects such as the level of hydration or the utility of 
water in transformations in general is small, and we 
really can’t say,” said De Yoreo. “We will just have 
to see over time how that develops.” Gagnon added, 
“There’s quite a wide range of strategies that 
different organisms appear to use about what the 
water-to-mineral ratio is during biomineralization.” 

Wendy Shaw, from PNNL, asked De Yoreo and 
Evans if they had any insights on what drives iron 
oxide particles to make a 5- to 10-angstrom jump 
from one crystal to another during biomineralization 
or why some minerals when they’re forming start 
out having a donut shape with a void. De Yoreo’s 
short answer was that the mechanism is unknown, 
and that there are many potential forces at work. 

“The only thing we can say for certain is we know 
what the accelerations are and calculate the force, 
and we know what the change in potential energy is 
during that process,” said De Yoreo. Calculation 
using Coulomb’s Law can provide a reasonable 
answer that suggests that electrostatics plays a role, 
which would be consistent with the length of the 
jump, but interfaces are complex and there are many 
potential interactions that could be responsible. 
“This is one of the open questions about particle-
based growth processes and oriented attachment in 
particular,” said De Yoreo. Evans added his 
conjecture, which was that prior to becoming visible, 
there are actually clusters already forming that are 
not visible yet simply because they haven’t reached 
a critical density that enables them to be visualized. 
De Yoreo said, however, that there are data that 
argue against that view of assembly. Evans said that 
another possible model is that there are oligomer 
gels that are not visible that are attracting ions and 
creating localized supersaturation that triggers 
nucleation on the gel filaments.  

Donna Blackmond asked the panel if there are 
chiral biominerals, and both De Yoreo and Evans 
said that they were not aware of any chiral 
biomineral crystals. Andrew Stack, from Oak Ridge 
National Laboratory, then asked if the field was 
advanced enough to be able to predict how a given 
biomineral will grow into a given shape, such as a 
mollusk shell. The unanimous answer from the 
panelists was no, though Gagnon noted that it is 
starting to be possible to modify existing processes 
to change morphology or composition, but he 
characterized that as a baby step toward total control 
and prediction. De Yoreo categorized the state of the 
field as being at the stage of having intuitive 
phenomenological approaches but not able to make 
predictions. Gilbert summarized the state of the field 
by saying, “We don’t know the laws of nature at the 
mesoscale and because we don’t know the 
fundamental laws, we cannot make predictions.” 

Benjamin Wilhite asked Evans about the 
generalizability of some of the processes he 
described, that is whether instead of making 
carbonates these processes could be adapted to work 
with nitrate precursors, or if instead of working with 
calcium they could be applied to work with other 
transition metals. In particular, he was wondering if 
it would be possible to adapt the biological systems 
to make columnar structures and oriented crystals 
for use in energy applications, for example. Evans 
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replied that the “devil is in the details,” and that the 
idea of borrowing from biology is “tantalizing.” One 
question that needs answering with regard to this 
question, said Evans, is how these proteins would 
behave under solution conditions, such as pH or ion 
concentrations, that differ from the conditions they 
see in nature. 

Workshop organizing committee and CSR 
member Miguel Garcia-Garibay, from the University 
of California, Los Angeles, asked if the products of 
biomineralization processes are in a stable state, and 
De Yoreo said that in most cases the answer is yes. 
The aragonite crystals in nacre that Gilbert talked 
about are an exception because aragonite is not the 
stable state of calcium carbonate at room 

temperature. “That system is caught in a metastable 
state,” said De Yoreo. Garcia-Garibay noted that 
vertebrate bone, a biomineral, is in a homeostatic 
state, not a stable state. Peter Stair followed that 
comment by asking the panelists if they had any 
ideas on what factors are involved in creating stable 
structures in the mesoscale realm. Gilbert replied 
that the answer is no, but that proteins are likely 
involved. She noted that aragonite only forms when 
there is an excess of magnesium present along with 
calcium carbonate even though there is no 
magnesium found in the aragonite crystals. It may be 
that magnesium is influencing the behavior of 
proteins that are involved in regulating aragonite 
production. 



 

 

 
 
 

  
 

 
 

 
 

  
 

 
  

  
 

 
 

 

 

 
 

 

 

 

 

 
 
 

 

6 


Computational/Chemical Processes 
in Self-Assembly 

Key Points 
	 There is a need to develop theory and simulation that can connect models across scales and 

incorporate emergent phenomena to realize functionality by design capabilities. In spite of great 
advances in modeling at all levels, particularly with coarse-grained models, there is still a critical 
lack of understanding about how long-range order on the mesoscale emerges from very short-
range interactions and what one could treat less precisely. 

	 There are many tools in the computational chemistry toolbox that can be brought to bear on the 
problem of bridging the microscopic and macroscopic world, and among them are the coarse-
grained models and atom-by-atom simulation of whole systems. These models can provide 
complementary information about mechanism and mesoscale behavior. 

	 Entropy is usually thought of as counteracting the enthalpic driving force for self-assembly, but in 
many mesoscale systems, entropy is actually helping the assembly process, though the degree to 
which that occurs is still unclear. 

	 The shape of particles can have a profound effect on self-assembly even in the absence of 
interparticle interactions. 

	 Designing proteins with specific three-dimensional structures by changing amino acid sequences 
so that they would then self-assemble into interesting mesoscale structures has been a long-
standing engineering challenge that has still yet to be solved. 

The workshop’s final session featured five 
presentations on how computation and 
chemistry can be brought to bear on the 

challenge of understanding self-assembly of 
mesoscale structures. Todd Yeates, Professor of 
Chemistry and Biochemistry at the University of 
California, Los Angeles, provided some examples of 
the role that symmetry plays in self-assembly and its 
use in creating a broad range of materials with 
diverse applications. William Noid, Associate 
Professor of Chemistry at Penn State University, 
described various approaches for multiscale 
modeling, including the use of bottom-up models for 
representing thermodynamic properties. Klaus 
Schulten, Professor of Physics and Director of the 
National Institutes of Health Center for 

Macromolecular Modeling & Bioinformatics at the 
University of Illinois, Urbana-Champaign, discussed 
how intelligent mesoscale biological systems can be 
resolved entirely in chemical detail and how that 
information can be used to mimic the robust and 
adaptive mesoscale molecular strategies that evolved 
in nature. Sharon Glotzer, the Stuart W. Churchill 
Collegiate Professor of Chemical Engineering, and 
Professor of Materials Science and Engineering, 
Physics, Applied Physics, and Macromolecular 
Science & Engineering at the University of 
Michigan, addressed the role that entropy, order, and 
function play in self-assembly processes. Gregory 
Voth, the Haig P. Papazian Distinguished Service 
Professor of Chemistry at the University of Chicago, 
discussed how multiscale simulations can help 
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reveal key features of the structure and self-
assembly of large multiprotein and protein-
membrane complexes such as those involved in 
remodeling membranes. An open discussion 
moderated by workshop organizing committee and 
Chemical Sciences Roundtable member Miguel 
Garcia-Garibay, from the University of California, 
Los Angeles, followed the five presentations. 

DESIGNING NOVEL SELF-ASSEMBLING 
PROTEIN MATERIALS: RECENT SUCCESSES 
AND FUTURE PROSPECTS 

The past few decades have seen spectacular 
success in using nucleic acids, particularly DNA 
molecules, to assemble into sophisticated objects, 
said Todd Yeates, and the reason for that success 
comes from the fact that the rules by which DNA 
molecules self-associated are simple, following the 
basic rules of Watson–Crick base pairing (Han et al. 
2013, Ke et al. 2012, Rothemund 2006, Seeman 
2010). In contrast, designing proteins with specific 
three-dimensional structures by changing amino acid 
sequences so that they would then self-assemble into 
interesting objects has been a long-standing 
engineering challenge that has still yet to be solved. 
However, using the underlying principles of 
symmetry that exist in nature, research teams such as 
the one headed by Yeates have recently developed 
design strategies that are realizing success in 
designing protein molecules that self-assemble into 
mesoscale structures. 

Some 20 years ago, a graduate student of Yeates 
was working on the problem of trying to understand 
why proteins crystallize with a specific preference 
for different kinds of symmetries. She discovered 
that a key element for understanding why proteins 
crystallize in the arrangements that they do is a 
mathematical property known as the minimum 
contact requirements for achieving connectivity in a 
molecular solid (Wukovitz and Yeates 1995). 
Crystalline solids follow space group symmetries, 
Yeates explained, but what had never been examined 
before was the minimum different number of ways 
molecules had to touch each other in order to form 
three-dimensional structures. “This turned out to be 
a math problem, and the question of how many 
different distinct ways a molecule has to contact 
itself in order to form a connected network is 
essentially a problem of group theory,” said Yeates. 

What this insight means is that the minimum 
contact number is a function of symmetry. For 
example, to create an arrangement with what is 
called P2 symmetry, the molecule has to touch itself 
in at least three different ways no matter the shape of 
the individual molecule. In contrast, P4 symmetry 
requires just two contacts. What this rather simple 
but powerful concept translates into is that “an 
astonishing range of architectures and symmetries 
can be generated using only two symmetric points of 
protein–protein interaction,” explained Yeates. That 
realization, he added, frames the engineering 
problem of how to take a molecule and engineer it so 
that it self-assembles. 

With part one of the problem solved—coming 
up with a rule to guide engineering work—Yeates 
and his team turned to part two, figuring out how to 
design a protein to have the necessary two points of 
contact and build in the interfaces needed to create 
the right geometry. He noted that his group started 
down this path before the advent of sequence 
design—the idea of taking a protein molecule and 
redesigning its amino acid sequence in a specific 
way so that it would interact with itself. Instead, they 
used natural protein oligomers that already had 
natural interfaces built into them. For example, 
many proteins form dimers or trimers and creating a 
fusion product of two of these proteins, using 
genetic fusion to create a gene that codes for both 
components, is in principle creating a larger protein 
that has the two natural interfaces needed to create 
bigger structures. 

The one problem with this approach is that it is 
necessary to control the degrees of freedom in the 
fusion protein so that the two halves orient 
themselves correctly relative to one another. “If you 
just fuse two protein molecules together, you’d 
probably expect to get some kind of gel or just some 
kind of glue,” said Yeates, “but since we were trying 
to design very specific symmetric geometries, the 
question is how to fuse together two protein 
molecules in a way that you can control or anticipate 
what the geometric relationship would be between 
the parts that are joined.” 

A solution to this problem was to work with 
proteins that had a terminal alpha helix because that 
afforded the opportunity to use computational 
methods to predict how the rigid nature of the alpha-
helical structures would dictate geometry (Padilla, 
Colovos, and Yeates 2001). This is not a way to 
control geometry, said Yeates, but a way of 
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anticipating it, and it triggered a combinatorial 
chemistry exercise of taking known proteins with 
known types of helices, hooking them together, 
sometimes with short alpha-helical linkers, and 
modeling how these constructs would self-assemble. 
As a guide for this design effort, Yeates’ team used 
the angles of intersection in Platonic solids to 
develop the geometric rules for combining different 
symmetry elements, and then built one protein that 
their calculations predicted would assemble into a 
single 12-unit construct with tetrahedral symmetry. 
In fact, the protein did self-assemble but into 
multiple species that had a much broader size 
distribution than expected. 

Yeates commented that the resulting paper drew 
little attention, even among the members of his own 
group, and this effort languished for more than a 
decade until a new bioengineering student joined the 
lab and decided to revisit this earlier work. By taking 
advantage of the better graphics technology that had 
been developed during the intervening years and 
turning a fresh eye on the structures, this student 
decided that there was one amino acid in the original 
design that, because of its location, could interfere 
with the predicted self-assembly process. When the 
“corrected” protein was expressed, it folded neatly 
into four distinct species that were separable using 
gel electrophoresis. These species, said Yeates, 
corresponded to the four possible ways of taking 
twofold and threefold axes of symmetry to make 
closed symmetries (Lai, King, and Yeates 2012). An 
additional amino acid change produced a construct 
that then self-assembled into one species that could 
be crystallized and whose structure was determined 
by x-ray crystallography to be a somewhat squashed 
tetrahedron (Figure 6-1) (Lai, Cascio, and Yeates 
2012). This student then repeated this work with 
another fusion protein that self-assembled into a 
230-angstrom cube containing 24 subunits, and in 
this case the crystal structure varied from the 
prediction by roughly 1 angstrom (Lai et al. 2014). 

A second approach that has realized success has 
been taken by a former student of Yeates’ who is 
using sequence design rather than combinatorial 
approaches. The idea here was to take one natural 
oligomer and use computational methods for 
sequence design to introduce the second interface at 
exactly the right geometry (King et al. 2012). Of the 
90 different constructs that this computational 
approach predicted would work, two did and they 
have since been crystallized. The resulting crystal 

structures matched the predicted structures within 
about an angstrom, said Yeates. Further work 
showed that this approach could be extended to two-
component assembly by defining an intended target 
symmetry, identifying arrangements where the 
molecules touch each other, and then using 
computational methods to introduce the right amino 
acids to make that happen. 

In his final remarks, Yeates said that of the 
nearly 50 possible combinations of two symmetry 
point groups to create self-assembling structures, 
only two have been explored. Going forward, the 
goal will be to demonstrate that these other 
possibilities can be made. If successful, these 
designed mesoscale assemblies could have use in 
creating multivalent antigen displays, bi- and 
multispecific reagents for cell recruitment, and 
layers and three-dimensional materials for high-
density enzyme or receptor display. 

BOTTOM-UP MULTISCALE APPROACHES 
FOR MESOSCALE PHENOMENA: 
PROGRESS AND OPPORTUNITIES 

In preparing his presentation for this workshop, 
William Noid reviewed the Department of Energy 
report on mesoscale science and came away with 
two thoughts about mesoscale phenomena. The first 
is that there is a need to develop theory and 
simulation that can connect models across scales and 
incorporate emergent phenomena to realize 
functionality by design capabilities. The second idea 
is that there are many tools in the computational 
chemistry toolbox that can be brought to bear on this 
problem of bridging the microscopic and 
macroscopic world, and among them are the coarse-
grained models of the sort that he uses in his 
research. The challenge, he said, is that if the goal is 
to capture the properties that emerge when moving 
from the atomic to the mesoscale, it will be 
important to ensure that a low-resolution, coarse-
grained model will incorporate the physics that are 
governed by atomic interactions. 

Coarse-grained models, Noid explained, can 
simulate longer length scales and time scales than 
atomic-scale models, and they can reach 
equilibrium, something that is difficult with fine-
grained models because of the computational 
requirements of those more detailed models. Given 
that coarse-grained models take so much less 
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A. B. 

FFigure 6-1 (A) TThe atomic struucture of a desiigned protein ccage with 12 suubunits in a pseeudotetrahedraal symmetry. (BB) The 
inntended symmmetry of the samme protein cagee with 12 subunnits. SOURCEE: Lai, Cascio, and Yeates (20012). Reprintedd with 
ppermission fromm Science. 

ccomputationall power, it iss easy to run a simulationn 
mmultiple timmes and deetermine thhe statisticall 
cconfidence off simulated properties, aas well as too 
ssystematicallyy study parammeter space annd the impactt 
oof changing eexternal condditions. From a conceptuall 
ppoint of vview, coarsee-grained mmodels havee 
aadvantages that go beyond theeir reducedd 
ccomputationall burden. Forr example, it is possible too 
tailor coarse-ggrained mod els for particcular systemss 
aand to focus eefforts on essential featurees of a systemm 
wwhile eliminaating unnecesssary details. SSome coarse-­
ggrained modeels, for exammple, represent groups off 
wwater molecuules or somee details of some aminoo 
aacids as a singgle entity rathher than as muultiple atoms.. 
AAnother typee might repreesent a proteein not as aa 
ccollection of atoms but as some kinnd of elasticc 
nnetwork mediium. Coarse-grained mod els provide aa 
ggreat deal of ffreedom, so i t is up to the researcher too 
ddecide how best to represeent a system and to createe 
aan abstract representation of the importtant pieces off 
the system an d how they innteract with one another. 

Noid nooted that wwhile there are somee 
theoreticians wwho believe tthat coarse-grrained modelss 
aare a waste off time—that tthe goal should be to buildd 
aas detailed a model as possible aand wait forr 
ccomputer techhnology to aadvance to thhe point thatt 
these models can be run inn their full gl ory—the factt 
is that new tthings happenn on differennt length andd 

timee scales and so describingg them with the same 
micrroscopic physsics is missingg the point. ““You want 
to bbe able to caapture the phhysical forcees driving 
phennomena at paarticular lenggth scales,” ssaid Noid. 
“Thaat is real physsics and that is what coarsse-grained 
moddels allow youu to do.” 

TThere are twwo different broad strattegies for 
coarse-graining, ttop down andd bottom up. TTop down 
entaiils taking an experimeental observvation to 
parammeterize a cooarse-grainedd model. Alteernatively, 
it is possible to create a coaarse-grained model to 
obseerve what typpe of featuress emerge on particular 
lengtth and time s scales as the pproperties of tthe model 
channge, which iss what Sharonn Glotzer talkked about 
in hher presentattion. The boottom-up appproach to 
coarse-graining takes a more detailed moddel of the 
systeem that is believed to be an accurate 
repreesentation off a particular system. Not only 
woulld one use the modell to capturee generic 
phennomena, but oone would allso to try to ffigure out 
the mesoscopic manifestatiions of thee atomic 
interractions for that particullar system. TThis is a 
powerful approacch, said Noid,, because it ennables the 
deveelopment of rrigorous theo ries that connnect these 
diffeerent length sscales. The boottom-up appproach, he 
addeed, relies upoon a rigorouss statistical mmechanics 
frammework to goo from a weell-vetted finne-grained 
moddel to a coarsse-grained mmodel that capptures the 
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phenomena of interest. The challenge in this 
approach, though, is to ensure that when going from 
a high-resolution to a lower-resolution model the 
correct forces and physics are captured.  

Noid outlined a few of the computational 
approaches that people have employed to calculate 
wave functions and probability distributions. He 
described a method, known as force matching, that 
takes the forces generated by an atomistic model and 
the forces generated by a coarse-grained model and 
tries to minimize the difference between the two 
when averaging over structures or particles. This last 
approach is quite powerful, said Noid, because not 
only does it provide the desired coarse-grained 
energy potential, it also provides a variant 
framework that enables a systematic improvement of 
the model’s approximations. Also, this approach 
boils down to a direct linear least-squares problem, 
which means that it can be solved exactly for many 
different types of systems, and it makes predictions 
that work in practice for many systems even without 
force information for a structure. “You can show in 
practice that you can generate a model of any protein 
in a databank and recover the underlying potentials 
quantitatively,” said Noid. 

He concluded his talk by noting that his group 
focuses on bottom-up methods and finds that they 
are very accurate for soft materials, but not always 
so accurate for modeling more complex biological 
materials. More work needs to be done there, he 
added, as there is a need to develop theories for 
working out the best way to represent systems. “The 
key idea though is that this many-body potential of 
mean force in statistical mechanics gives us an exact 
rigorous framework for any system, for any 
resolution, to try to make this perfect coarse-grained 
model, and now we just have to figure out how to 
make good approximations for that,” said Noid. 

VIEW OF INTELLIGENT MESOSCALE 
BIOLOGICAL SYSTEMS AT CHEMICAL 
RESOLUTION: WHAT CAN BE LEARNED 

To Klaus Schulten, computation serves as a 
microscope to provide views of biomaterials that are 
otherwise unavailable. He said that one of the great 
lessons he has learned over 40 years of studying 
biological materials is that “if you really want to 
play your cards well in the mesoscale world of 
materials and devices that you should think not only 

about how to build these materials, but that there is a 
lot of good chemistry that you can do with these 
materials. That is something that the physicists 
cannot do and the material scientists cannot do, but 
you chemists can do.” 

As an example of that, Schulten discussed the 
cellular microtubule, which he said not only has 
interesting material properties, such as mechanical 
stability, but the ability to control chemistry, 
particularly the hydrolysis of guanosine triphosphate 
(GTP). Fresh microtubes, he explained, are loaded 
with GTP, and when they’re spent and fall apart they 
have guanosine diphosphate, but they have an 
intermediate state that is slightly disordered and 
more interesting in terms of its mechanics. More 
interesting, he said, is the fact that the physical 
properties of these materials are controlled by the 
molecules they bind. 

He also discussed the cellulosome, which is a 
finger-like structure on the surface of bacteria that 
produce cocktails of enzymes needed to break down 
cellulose and other plant cell wall components. But 
besides producing the right enzymes with the best 
distribution to work on the substrates at hand, the 
cellulosomes themselves have polymer properties 
that enable them to help pull apart the cellulose in 
wood so that the enzymes have better access to their 
substrates. 

The virus capsid, another example of a 
mesoscale biological “device,” was long thought to 
be simply a container of genetic material, but that 
notion was wrong. “The capsid is actually a 
communication surface: It is communicating with 
the cell that is being infected to make the cell help 
with its cellular effectors, its proteins, to guide the 
capsid to the right place in the cell,” said Schulten. 

Returning to the example of the microtubule, 
Schulten said it has a number of structural properties 
that enable it to interact with proteins that change its 
properties, such as its flexibility, in response to 
chemistry going on at the microtubule surface. Using 
data from several sources, including electron 
microscopy and crystallographic studies, Schulten 
and his team have created a computational model of 
the microtubule at the atomic level that can 
reproduce the microtubule’s behavior as chemistry is 
happening on its surface. Similarly, his team has 
modeled the modular nature of the cellulosome to try 
to understand the changes it undergoes as it interacts 
with cellulose to generate strong chemical bonds that 
help it pull cellulose apart. 
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His group has also solved the structure of the 
HIV-1 capsid using cryoelectron microscopy and all-
atom molecular dynamics simulations to make sure 
that the structure they deduced is stable (Zhao et al. 
2013). One thing these experiments revealed is that 
the surface of the capsid is more heterogeneous than 
the typical icosahedral virus and more closely 
resembles Ebola or influenza virus. All told, there 
are some 1,300 protein molecules that pattern the 
capsid surface and that can move and distribute 
themselves and create barriers and channels through 
which ions can move. The capsid can also interact 
with cyclophilin, a protein that cells use to guide 
molecules to the nucleus, which the HIV-1 capsid 
has to do in order to inject its genetic material into 
the nucleus. He noted that this information should be 
useful for developing drugs that interfere with HIV­
1 function. 

In the final minutes of his presentation, Schulten 
discussed work aimed at understanding the 
mesoscale structure and function of the organelles 
that house the many enzymes and cofactors needed 
for photosynthesis. He briefly described the process 
by which light energy is harvested by chlorophylls 
and carotenoids, triggering a flow of excitons that 
travel to the photosynthetic reaction center, where 
ATP is generated, and then discussed how modeling 
and simulation work has enabled his group to detail 
the movement of molecules within the 
photosynthetic apparatus to enable photosynthesis to 
occur and provide a better understanding of the 
chemistry involved in this process. 

EMERGENCE OF ENTROPY, ORDER, AND 
FUNCTION AT THE MESOSCALE 

From Sharon Glotzer’s perspective of someone 
who is interested in entropy and order, there are 
three emerging trends in mesoscale science. The first 
is the idea of what she called patchy particles and 
shape entropy. A decade or so ago, when researchers 
began synthesizing a wide range of nanoparticles 
with a variety of shapes and functionalizing them 
with different ligands, it became clear that much of 
the physics and chemistry driving the self-assembly 
of building blocks into higher-ordered 
nanostructures was very similar despite the fact that 
these materials and the processes used to make them 
were quite different. To make sense of this, Glotzer 
and her colleagues developed a conceptual 

framework that was useful for understanding what 
kind of structures would be possible by tuning 
different anisotropic characteristics of the building 
blocks (Glotzer and Solomon 2007). This framework 
was developed by doing a principle component 
analysis that broke apart all of these different types 
of attributes, and it has served as a guide for further 
experimentation and for deciding what types of 
particles are likely to self-assemble into a desired 
structure (Figure 6-2). 

Using a coarse-grained approach of the sort that 
Noid discussed, Glotzer’s group has been working 
with Christopher Murray’s group at the University 
of Pennsylvania to understand why the particles that 
Murray’s group was making were not assembling 
into the predicted structures. As an example, Glotzer 
described how lanthanum fluoride plates 
functionalized with oleic acids produced two very 
different geometries and how her group’s modeling 
work showed that as the aspect ratio of the plates 
changed, different facets became expressed more 
than other facets. Moreover, the model showed that 
the ligand binding density on the surfaces are 
sensitive to which facets are expressed. Thus, the 
aspect ratio controls the expression of facets, which 
controls the ligand binding density and, ultimately, 
the strength of the interactions between the various 
surfaces and the particles and shapes that emerge. 
This illustrates how interaction patchiness and shape 
control structure (Ye et al. 2013a). 

The Glotzer and Murray groups were able to 
extend this work to understand what would happen 
when mixing together particles of completely 
different shapes, such as spheres and rods (Ye et al. 
2013b). “Depending on how you tune the 
asymmetry of these interactions you can get 
anything from a fully phase-separated state to a 
lamellar phase, a crystal of the rods with the spheres 
in between to a full and proper crystal, just by subtle 
changes in the patchiness of the interactions around 
these antisymmetric particles,” said Glotzer. 

Typically, when looking at this type of self-
assembly, enthalpy dominates, with van der Waals 
interactions and hydrogen bonding coming into play 
at nanometer and colloidal scales. Glotzer noted, 
though, that there is an emerging understanding that 
entropy and entropic bonds also can control self-
assembly, and that this appreciation could lead to the 
ability to make even more complex mesoscale 
structures through self-assembly processes. As an 
example, she described studies that her group 
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FFigure 6-2 Princcipal componennt analysis reveeals a nearly innfinite-dimensiional design sppace for nanopaarticles. SOURRCE: 
GGlotzer and So lomon (2007). Reprinted withh permission frfrom Nature Maaterials. 

cconducted with cadmiumm telluride aand cadmiumm 
sselenide nanooparticles. Thhese particles, which aree 
tetrahedral inn shape, are coated with ligands, aree 
ccharged, and have dipole mmoments. Ussing a coarse-­
ggrained modeel, Glotzer aand her collaaborator weree 
aable to predicct a dozen diffferent types of structures,, 
including sheeets, wires, twwisted chirall shapes, andd 
ssuperparticless, that they weere then able tto observe. 

It has bbeen knownn for decaddes, Glotzerr 
eexplained, thaat entropy mmaximization can cause aa 
ddisordered system to orde r, a principlee upon whichh 
ccolloid physi cs depends. To see if eentropy alonee 
ccould drive structure fformation, shhe and herr 
ccollaborators modeled whhat would haappen if theyy 
threw tetraheddrally shapedd nanoparticlees into a box.. 
WWhat emergged was aa complete surprise—aa 
ddodecagonal qquasicrystal oof very compplex structuree 
wwith 82 partticles in thee unit cell aand with noo 
interactions eemerging froom the surroounding fluidd 
((Haji-Akbari et al. 2009). This discoveery, she said,, 
turned out to bbe the tip of tthe iceberg inn terms of thee 
sstructures that could be geenerated simpply by tuningg 

partiicle shape ((Damasceno, Engel, andd Glotzer 
20122a). Glotzer said she noow believes that it is 
posssible to generrate every spaace group obsserved for 
crysttals just by tuning particcle shape annd relying 
solelly on entropyy (Figure 6-3)), and her group is now 
lookking into that possibility. AAlready, her group has 
geneerated upwarrd of 50 diifferent spacce groups 
incluuding some very compleex structuress such as 
chiraal beta mangaanese with 200 particles in a unit cell 
and gamma brasss, with 52 pparticles in aa unit cell 
fromm slight truncaated and augmmented dodeccahedra. 

EEntropy hass usually bbeen thoughht of as 
counnteracting thee enthalpic ddriving force  for self­
assemmbly, but GGlotzer’s grouup has used potential 
meann force and torque modeeling to quanntify how 
muchh entropy iis actually hhelping the assembly 
proccess. This mmethod calcullates the potential of 
meann force and ttorque betweeen two particcles in the 
midddle of a sea oof particles, annd it can quaantify how 
entroopy maximizzation producces emergentt effective 
entroopic bonds tthat help aliggn particles with one 
anothher (Damascceno, Engel, and Glotzerr 2012b). 
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FFigure 6-3 Tuninng entropy by tuning shape. SSOURCE: Dammasceno, Engeel, and Glotzer (2012a). Reprrinted with permmission from AACS 
NNano. 

““We can now start to put thhese entropic bonds on thee 
ssame footing as other kindds of chemiccal bonds andd 
think about hhow to incorrporate themm into designn 
rrules,” said Glotzer. 

The second major treend in mesosscale sciencee 
identified by GGlotzer is undderstanding thhe forces thatt 
aare involved in self-assemmbly, meaninng how long-­
rrange order ddevelops fromm short-rangee forces. Thee 
ggoal of this work is too understandd how giant,, 
ccomplex unit cells and othher structuress form with aa 
pperiodicity annd order weell beyond tthe range off 
interparticle fforces and too use that innformation too 
ddesign for mmetastability. AAlready, Glootzer and herr 

collaaborators havve generatedd the first iccosahedral 
quassicrystal everr self-assemb led from a ddisordered 
fluidd in a commputer simuulation, and what is 
partiicularly notewworthy aboutt this achieveement, she 
said,, is that theyy were able to self-asse mble this 
struccture from a one-commponent syystem of 
spheerically symmmetric particlles interactinng with a 
comppletely isotroopic pair poteential that is less than 
threee particle diaameters (Engeel et al. 20155). “We’re 
seeinng for thee first timee that expperimental 
capaabilities and siimulation cappabilities for tthese very 
largee systems aree starting to ooverlap so th hat we can 
start to understannd exactly hoow these struuctures are 



 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

  

 

 

 

 

 
 

 
 

 
 

 

 

 

 

 
 
 
 
 

59 COMPUTATIONAL/CHEMICAL PROCESSES IN SELF-ASSEMBLY 

growing and understand nucleation and growth 
problems,” said Glotzer. 

For example, two different types of particles, 
rhombic dodecahedra and spheres, both self-
assemble from a fluid into a face-centered cubic, but 
spheres make poor crystals while rhombic 
dodecahedra make beautiful crystals. It would be 
good to know why that is so, said Glotzer, and to 
understand the kinetic pathway that these particles 
are following as they self-assemble. The goals are to 
begin to understand why differently shaped particles 
will self-assemble into the same crystal structure, 
predict which of those shapes will make the best 
crystal, and determine if an assembly pathway can 
be designed to force the system to make that crystal. 

The third major trend that Glotzer addressed is 
the development of functional building blocks that 
will not only self-assemble but that are 
reconfigurable. As an example, she described the 
self-assembly of ellipsoid Janus particles that were 
gold on one side and poly(methyl methacrylate) on 
the other side into long braid-like fibers that were 
predicted by computer simulation. What is 
interesting about these particles is that turning an 
electric field on and off polarizes the gold and 
causes the fibers to stretch, acting as a colloidal 
actuator that could represent a first step toward 
creating artificial muscle fibers (Shah et al. 2015). 
She also described two other examples in which 
polydispersed distributions of particles and mixtures 
of particles and proteins that first self-organize into 
large superparticles then self-assemble into crystals. 
In one case, using cadmium telluride particles mixed 
with cytochrome c enzymes, the transmission 
electron micrographs showed that the individual 
particles were heterogeneously mixed within the 
mesoscale crystals (Park et al. 2014). She noted as 
an aside that these crystals are photoactive and could 
be used to carry out chemical reactions.  

She also discussed work leading to 
reconfigurable colloidal clusters that she has been 
doing with David Pine’s group at New York 
University. These clusters are made by mixing 
spherical particles with spheres that have a dimple in 
them, and in a painstaking set of experiments using 
optical tweezers, they were able to get these colloids 
to transition back and forth between different 
configurations. “If we can assemble these into 
regular structures that can transition from one state 
to another, you could store information in this 
system,” said Glotzer, who estimated that it could be 

possible to store a terabyte of information in a 
teaspoon of such a colloid. 

She concluded her remarks with a brief 
description of another project her group has started 
that looks at active particles and whether they will 
rotate with the same fixed applied torque in opposite 
directions when energy is pumped into the system. A 
constant input of energy rotates the particles and 
induces effective interactions among the particles 
that drive emergent, mesoscale phenomena.  

MULTISCALE COMPUTER SIMULATION OF 
MESOSCALE BIOMOLECULAR 
COOPERATIVITY 

In the workshop’s final presentation, Gregory 
Voth discussed the use of a full multiscale 
simulation hierarchy as a means of understanding 
membrane remodeling during endocytosis, a process 
that he said is not well understood at the mesoscale. 
There are many different pathways for endocytosis, 
one of which is the clathrin-mediated pathway in 
which a complex network of proteins cooperates to 
bring things into or take things out of the cell 
through the formation of a so-called “bud” at the 
membrane’s surface. This bud begins as a dent or pit 
in the membrane and then proceeds to encapsulate 
the material entering the cell and allow it to be 
transported within the cell. One set of proteins 
involved in this pathway are known as the BAR 
domain proteins, which resemble tiny bananas and 
are believed to be curvature sensors and curvature 
generators. As the membrane bud forms, these 
proteins form a scaffold upon which other proteins 
can build to facilitate the clipping of this bud to 
reform the cell wall and bring the bud into the cell.  

When inserted into liposomes, BAR domain 
proteins such as amphiphysin and endophilin, all of 
which have a cluster of positively charged amino 
acids that interact with the negatively charged lipids 
of the cell membrane, can form some interesting 
structures that change shape (Figure 6-4) and that 
mesoscopic simulations can reproduce 
computationally (Ayton et al. 2009). The two 
questions of importance regarding this observation, 
said Voth, are whether it is possible to understand 
what is happening and whether they are relevant to 
biology. The answer to the second question, he 
added, is “not so relevant.” 
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FFigure 6-4 Mesooscopic simulaations (left) andd electron micrrographic imagges (right) of lipposomes contaaining BAR-doomain 
pproteins. SOURRCE: Ayton et al. (2009). Repprinted with peermission fromm Biophysical JJournal. 

SSeveral years ago, said Votth, research oon the bindingg 
oof endophilinn to liposomees of differennt sizes, andd 
thus curvaturees, found thatt binding affinnity increasedd 
ssignificantly as the curvature of thhe liposomee 
increased. Thhe hypothesis  proposed too explain thiss 
oobservation wwas that enddophilin wass binding too 
ddefects that occur in the mmembrane as iit curves, andd 
aas the curvaature increassed, so, too, would thee 
nnumber and ssize of the deefects (Bhatiaa et al. 2009,, 
DDrin et al. 20007, Hatzakis et al. 2009). Voth’s groupp 
ccalculated thhe free eneergy of binding at thee 
mmolecular sccale and fouund that theere is a 5-­
kkilocalorie-peer-mole drivinng force for endophilin’ss 
hhelical structuure to fold innto a defect ((Cui, Lyman,, 

and Voth 2011).. “That was a critical steep in our 
abiliity to model these systemms, tying into atomistic 
scalee informationn and buildding that intoo coarse­
grainned models,”” said Voth. A critical ellement of 
this binding, he added, are thhe helical eleements of 
thesee proteins. 

TTo further eexplore the rrole that thesse helices 
play  in membraane interactiions and remmodeling, 
Vothh’s group raan simulatioons comparinng BAR­
dommain proteins wwith their helices, called NN-BAR, or 
withhout their hellices, called BAR becausse the N­
termm  are absent siimulations inal helices t. These
showwed that the hhelices are criitical to the s tability of 
the membrane–pprotein compplex. With the BAR 
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proteins, the membranes are very disordered and will 
fall apart in the simulations. With the N-BAR 
proteins, the simulations produced structures with 
zigzag packing of the helices, which can be observed 
at poor resolution with cryoelectron microscopy. He 
noted that new techniques using single-electron 
detectors may help solve this resolution problem. 

Additional simulations with flat membranes 
found that at high density—one protein molecule for 
every 300 lipid molecules—N-BAR forms a scaffold 
that induces the membranes to take on a uniform 
tubular curvature and develop small membrane 
invaginations. Further simulation work predicted 
that at high density, N-BAR will cause 200- to 300­
nm-diameter liposomes to transform into reticulated 
tubular structures. A three-dimensional 
reconstruction of a cryoelectron micrograph 
tomogram confirmed the existence of a tubular 
network (Simunovic et al. 2013). 

It turns out, Voth explained, that most of what 
these simulations produced can be described using a 
mesoscopic field theory that treats membranes as 
elastic and that allows the membrane to couple to an 
energy field provided by the proteins. This type of 
model couples the motion of the lipids with the 
motion of the proteins, as well as interactions 
between the proteins, and it produces the same 
results as the coarse-grained molecular-level model. 
He noted that “we’ve gotten pretty good at going 
from the atomistic level to the coarse-grained level, 
but what’s really missing is a direct map between the 
two.” 

Examining the richness of these remodeled 
vesicles reveals a very rich phase diagram at high 
protein densities that predicts that different kinds of 
structures will form. These structures are modulated 
by the strength of protein binding to the surface of 
the liposome and its composition, density of protein 
at the surface, and other factors. One of Voth’s 
graduate students noticed that string-like features 
can form even at the initial phase of remodeling at 
high protein densities and that the formation of these 
strings is much less when the helices are missing. 
This led to simulations at much lower protein 
densities that produced a remarkably different 
behavior. Instead of forming lattices or even partial 
lattices, these long banana-like proteins formed 
strings. Moreover, these strings go into troughs in 
the membrane’s curvature in the opposite way from 
the high-density cases where tubules preform 
(Simunovic, Srivastava, and Voth 2013). In addition, 

the vesicles show large deformations that appear to 
be responding to string formation. What appears to 
be happening is that proteins binding to the surface 
of the membrane form linear aggregates and that two 
lines of protein form in side-by-side interactions. 
The proteins then induce local invagination or 
welling and curvature of the membrane, a high-
energy process that is compensated for in part by the 
binding energy of the protein. 

What is most interesting about this arrangement 
of proteins and lipids is that it has the effect of 
lowering entropy, which would make the free energy 
of this process go in the wrong direction, Voth 
explained. What seems to be happening, he said, is 
that membrane tension modulates protein–protein 
interactions in a way that disfavors linear 
aggregation and instead causes the proteins to form 
strings. Preliminary experiments using atomic force 
microscopy have produced images with striking 
similarity to those predicted by coarse-grained 
simulations. 

In conclusion, Voth said that the low-density 
regime, rather than high-density conditions, is 
consistent with experimental observations of 
endocytosis, with linear aggregation of protein at the 
initial stages of remodeling. In the high-density 
region, excess bending energy breaks the membrane 
and as a result creates tubules.  

DISCUSSION 

Neil Henson, from Los Alamos National 
Laboratory, started the discussion and asked if a fair 
representation of a modeling approach for simulating 
a mesoscale object that does chemistry would be to 
“first understand the chemical reaction at the atomic 
level, and then the barriers, thermodynamics, and 
kinetics, and then abstract that information into a 
more coarse-grained model and perhaps to a 
mesoscopic theory in order to understand the effect 
of that chemistry on the mesoscale structure.” Voth 
said that this is not always the case and that many 
successful modeling efforts start with the coarse-
grained model. Glotzer said that both atomic-scale 
and course-scale models are needed. “If the 
community had waited to study nanoparticle self-
assembly by first studying nucleation and growth of 
the nanoparticles in solution to see how they grow, 
and then throwing ligands in to stop the growth and 
built all that up, we would never have gotten to self-
assembly,” said Glotzer. She noted that starting at 
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the coarse-grained level can work well if there are 
insights from experimental data or finer-scale 
simulations that can be used to parameterize the 
model.  

Schulten stated that today’s atomic-scale models 
can simulate a volume of about 1 cubic micron, or 
about 100 million to 1 billion atoms. Given that 
capability, the most straightforward approach would 
be to take the best force field parameters available 
and use those to simulate at the atomic scale and 
build from there. “My own principle is that I can 
only simplify what I understand and that it might be 
dangerous to go straight to coarse-graining before 
you really know the chemical details,” said Schulten. 
Voth added that working at the molecular scale is 
challenging because of limits in sample space and 
free energy barriers, and Glotzer wondered what the 
restrictions are with regard to time scale. Schulten 
replied that his group simulated the entire HIV-1 
viral capsid for 1.5 microseconds and that there are 
methods for extending these simulations for multiple 
milliseconds, such as replica exchange molecular 
dynamics and transition pair sampling. “Using smart 
sampling methods, you can go for many 
milliseconds, but if you don’t know where you are 
heading, you are limited by a microsecond or so,” 
said Schulten. 

Session moderator Garcia-Garibay noted that 
one of the things about mesoscale phenomena that 
the field often thinks about is emergent behavior, 
and he asked the panel if simulation and modeling 
can address emergent behavior or are there 
behaviors at the mesoscale that cannot be described 
in terms of first principles, such as geometry, 
topology, and long- and short-range interactions. 
Yeates said that, at the scales at which he works, the 
models generate more or less exact structures, but as 
he moves to larger scales he expects that there will 
be mesoscopic behavior where what will be 
important is the length scale over which order 
persists and those will be a challenge given what is 
known today. He noted, though, that Glotzer’s work 
with rigid materials is dealing with long-range order, 
but it is not clear whether these methods will work 
with soft, more flexible materials. “I think we’ll find 
out how length scales relate to flexibility as we go to 
extended symmetries instead of closed symmetries,” 
said Yeates. 

Schulten said that electron microscopy is a 
natural tool for these longer length scales and that 
experimental data can inform these modeling efforts. 

One of the difficulties in using microscopy, said 
Voth, is that they require assuming that there is 
some sort of symmetry present and that they are 
done at liquid nitrogen temperatures, which limits 
motion and entropy considerations among other 
things, and so the translation to room-temperature 
behavior might not be straightforward. 

Chris Mundy from the Pacific Northwest 
National Laboratory (PNNL) asked the panelists if 
they were considering the role of solvent in their 
studies given that solvent effects at the nanometer 
scale can be significant. Voth said that coarse-
grained models of the sort that his and Glotzer’s 
groups run have an implicit solvent represented as 
hydrophobic associations that have to be estimated. 
“You have to build in the physics,” said Voth. 
Glotzer added that her approach has been to first do 
fully atomistic simulations with water present and 
gain insights from those models to feed into the 
coarse-grained models, an approach that Schulten 
agreed is a good one for including solvent effects in 
larger-scale models. 

Patricia Thiel asked if there is a connection 
between these modeling studies and what is 
happening in biomineralization. Glotzer said there is 
an absolute link because these modeling efforts are 
asking the exact same questions: How do these 
assemblies grow, how does nucleation occur, and 
where do these processes lead once crystal growth 
starts? Jim De Yoreo then asked how these modeling 
approaches apply to biomineralization given that 
they are run at very high densities and natural 
systems operating at low volume fractions. Glotzer 
acknowledged that her work, for example, will not 
explain what is happening initially at low density, 
but once interactions start happening and molecules 
or smaller structures start aggregating, factors such 
as entropy can explain phenomena seen in the 
mesoscale.  

Garcia-Garibay then asked the panel to comment 
on the idea that Paul Weiss put forth in the 
workshop’s plenary address that many things at this 
scale are metastable, that they are constantly in flux. 
Glotzer said that a major trend in mesoscale 
modeling now is to design for metastability, but that 
in fact, little is known about metastability on the 
mesoscale and how to guide assembly down a path 
to metastability instead of the globally favored stable 
energy state. She added that the active matter work 
that she mentioned briefly is all about dealing with 
systems that are never in thermodynamic 
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equilibrium and that are always driven to some 
steady state that is not the low-energy stable state. 
The big question there is whether it is possible to 
map that state to a thermodynamic equilibrium-like 
system that has a free energy function. “Is there a 
function that can describe your active system so that 
you can treat it as though it’s thermodynamic?” she 
asked. That is an open question that she predicted 
will be answered in the next 10 years. 

Schulten remarked that living systems are 
metastable for a good reason, which is that the result 
is a more robust system. “Life is not stable, life is 
changing, and you have to adjust to the 
circumstances. That is why these systems are never 
in a very rigid state, because they have to be in 
different states,” said Schulten. During repair, for 
example, structures are being disassembled and 
rebuilt, usually starting from some existing surface 
that can guide reassembly. “Metastability is a 
principle of adaptability and robustness,” he added. 

Bruce Garrett from PNNL asked the panel to 
comment on the importance of entropy in these 
systems, and Voth said that entropy is very 
important. “I think a lot of current thinking in 
biology is driven too much by structural biology, 
which is ordered, but biology is driven by free 
energy, not equilibrium, so why wouldn’t biology 
utilize entropy?” said Voth. “What we’re 
increasingly finding is that proteins may be driven to 
bind because some part of them becomes disordered 

and so it’s free energy that’s facilitating that 
behavior.” Glotzer remarked that entropy is a global 
concept that cannot be understood locally. By 
definition, it is an emergent property of a system, 
she said, and understanding the role of entropy is a 
terrific opportunity. “We don’t know yet how to 
design to exploit entropy to give us the structures 
that we want,” said Glotzer. 

Noid commented that, as you change the 
resolution of the model, what you’re effectively 
doing is you’re taking configurational entropy out of 
the high-resolution model and you’re transferring it 
into the effect of interactions of the low-resolution 
model. And so, depending upon the level of 
resolution that you look at and describe your system 
with, your interactions become increasingly entropic 
and decreasingly energetic; you can show that very 
simply and mathematically.” He added that there are 
cases where there are general design principles that 
are well understood with regard to how entropy 
drives those processes, but in terms of predicting the 
role of entropy in driving most systems, that is still a 
challenging prospect. Schulten made the final 
comment, which was that in protein folding there is 
a very subtle balance between entropy and enthalpy 
that can be shifted by very subtle factors. As an 
example, he cited the case of blood clotting, which is 
triggered by a conformational change in protein 
structure triggered by small shifts in blood flow. 
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Appendix A 

Workshop Agenda 

Mesoscale Chemistry 
A Workshop by the Chemical Sciences Roundtable 

November 6-7, 2014—Washington, DC 

November 6, 2014 

12:30-12:40 Introduction to Workshop and Topic 
Speaker: Jennifer Curtis 

Session 1: Overview 
Chair: Jennifer Curtis 

12:40-1:20	 Growing (Up) from the Nanoscale to the Mesoscale
  Speaker: Paul Weiss 

Session 2: Catalysis 
Chair: Bruce Garrett 

1:20-1:40 Architectural Complexity at the Molecular Level
  Speaker: Andrew Borovik 

1:40-2:00 Bringing Mesoscale Properties to Molecular Catalysts by Attaching an Outer Coordination 
Sphere 
Speaker: Wendy Shaw  

2:00-2:20 Elucidating Key Features of Mesoscale Biocatalytic Systems and Employing Them in 
Designing Functional Artificial Enzymes with High Activity 
Speaker: Yi Lu 

2:20-2:40 Mesoscale Concepts for Design and Behavior in Heterogeneous Catalysis 
Speaker: Cynthia Jenks  

2:40-3:00 Strategies for the Synthesis of Mesoscale Catalyst Designs 
Speaker: Peter Stair  

3:00-3:30 Panel Discussion 

3:30-3:40 Break 
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Session 3: Membrane Behavior/Microchemical Systems 
Chair: Vernon Anderson 

3:40-4:00 Asymmetric Lipid Vesicles Formation and Properties
  Speaker: Erwin London 

4:00-4:20 Digital Microfluidics: Not Just for Liquids Anymore 
Speaker: Aaron Wheeler  

4:20-4:40 Engineering at the Mesoscale: Microreactors and Membranes 
Speaker: Benjamin Wilhite  

4:40-5:10 Panel Discussion 

5:10	 Workshop Day 1 Adjourns 

November 7, 2014 

Session 1: Biomineralization/Geochemical  
Chair: Patricia Thiel 

8:45-9:05	 Formation Pathways in Biominerals Revealed by Their Structure 
Speaker: Pupa Gilbert 

9:05-9:25	 Slouching Toward the Mesoscale: Nucleation Events, Mineral Assembly, and Crystal 
Modifications Performed by Disordered Proteins 
Speaker: John Spencer Evans  

9:25-9:45	 The Dynamics of Macromolecular Assembly and Subsequent Mineral Formation: 
Understanding the Emergence of Order

  Speaker: Jim De Yoreo 

9:45-10:05	 Small Compositional Signals with a Big Impact: From Sub-Micron Geochemical 
Heterogeneity to Climate Records

  Speaker: Alex Gagnon 

10:05-10:25 Mesoscale Geochemistry Research Opportunities On, Within, and Beyond Earth 
Speaker: Andrew Madden 

10:25-10:55 Panel Discussion 

10:55-12:20 Lunch on your own 

Session 2: Computational/Chemical Processes in Self-Assembly 
Chair: Miguel Garcia-Garibay 

12:20-12:40	 Designing Novel Self-Assembling Protein Materials: Recent Successes and Future Prospects
  Speaker: Todd Yeates 

12:40-1:00	 Bottom-Up Multiscale Approaches for Mesoscale Phenomena: Progress and Opportunities 
Speaker: William Noid  
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Session 2 (cont) 
Chair: Miguel Garcia-Garibay 

1:00-1:20	 View of Intelligent Mesoscale Biological Systems at Chemical Resolution—What Can Be 
Learned

  Speaker: Klaus Schulten 

1:20-1:40 Emergence of Entropy, Order, and Function at the Mesoscale 
Speaker: Sharon Glotzer 

1:40-2:00 Multiscale Computer Simulation of Mesoscale Biomolecular Cooperativity
  Speaker: Gregory Voth 

2:00-2:30 Panel Discussion 

Closing Discussion 

2:30-3:00	 Open Discussion 

3:00	 Workshop Day 2 Adjourns 
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About the Chemical Sciences Roundtable 


The Chemical Sciences Roundtable (CSR) was 
established in 1996 by the National Research 
Council and its Board on Chemical Sciences and 
Technology. The CSR held its first meeting in 
February 1997, and it now meets three times 
annually. As a neutral and credible forum for 
communication among all segments of the chemical 
enterprise, the CSR provides great potential for 
enhancing the future well-being of the chemical 
sciences. The realm of the chemical sciences and 
technology not only spans the science and 
engineering disciplines but also encompasses a 
major segment of U.S. industry. 

The CSR is a unique science-oriented, apolitical 
forum of leaders of the chemical enterprise. Its 
objectives are to facilitate enhanced understanding 
of issues in the chemical sciences and technologies 
that affect government, industry, academic, national 
laboratory, and nonprofit sectors, and the 
interactions among them; and to furnish a vehicle for 
education, exchange of information and discussion 
of issues and trends that affect the chemical 
sciences. The Roundtable accomplishes these 
objectives in two ways: 

 First, through exchange of information among 
its members at three meetings annually of the 
CSR. The members in turn share the exchanges 
with others in their own institutions and 
professional organizations to which they belong. 

 Second, by organizing workshops on highly 
relevant and important topics, for which 
published proceedings are made broadly 
available throughout the chemical sciences 
community. These workshops and the 
proceedings are designed to enable follow-up 
discussion or action by others in the chemical 
sciences community. 

The CSR’s charter enables government 
representatives to serve as full members, but 
consequently precludes it from providing advice and 
recommendations. Its primary role therefore is to 
facilitate communication among leaders in the 
chemical sciences, who can in turn bring important 
information to the broader chemical sciences 
community. Typically, CSR members represent the 
senior chemist or chemical engineer in an 
organization, providing the basis for strong 
collaboration and cooperation among federal 
agencies, nongovernmental organizations, 
professional and industry associations, universities, 
the chemical industry, private foundations, federal 
laboratories, the legislative arena, and the Executive 
Branch. Through a combination of educational and 
leadership roles, the CSR will continue its major role 
in maintaining the health and strength of the 
chemical sciences in the United States.  
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Biographical Sketches of Workshop Speakers 
and Organizing Committee Members 

PLENARY SPEAKER BIOGRAPHY 

Paul Weiss, Ph.D., University of California-Los 
Angeles 

Paul S. Weiss holds the Fred Kavli Chair in 
NanoSystems Sciences, and is a distinguished 
professor of chemistry and biochemistry and of 
materials science and engineering at the University 
of California, Los Angeles. He received his S.B. and 
S.M. degrees in chemistry from MIT in 1980 and his 
Ph.D. in chemistry from the University of California 
at Berkeley in 1986. He was a postdoctoral member 
of technical staff at Bell Laboratories from 1986 to 
1988 and a visiting scientist at IBM Almaden 
Research Center from 1988 to 1989. Before coming 
to UCLA in 2009, he was a distinguished professor 
of chemistry and physics at the Pennsylvania State 
University, where he began his academic career in 
1989. His interdisciplinary research group includes 
chemists, physicists, biologists, materials scientists, 
mathematicians, electrical and mechanical engineers, 
and computer scientists. Their work focuses on the 
ultimate limits of miniaturization, exploring the 
atomic-scale chemical, physical, optical, mechanical, 
and electronic properties of surfaces and 
supramolecular assemblies. He and his students have 
developed new techniques to expand the 
applicability and chemical specificity of scanning 
probe microscopies. They have applied these and 
other tools to the study of catalysis, self- and 
directed assembly, and molecular and nanoscale 
devices. They work to advance nanofabrication 
down to ever smaller scales and greater chemical 
specificity in order to operate and to test functional 
molecular assemblies, and to connect these to the 
biological and chemical worlds. Two current major 
themes in his laboratory are cooperativity in 

functional molecules and single-molecule biological 
structural and functional measurements. He has over 
300 publications, holds over 20 patents, and has 
given over 500 invited, plenary, keynote, and named 
lectures. 

Weiss has been awarded a National Science 
Foundation Presidential Young Investigator Award 
(1991-1996), the Scanning Microscopy International 
Presidential Scholarship (1994), the B. F. Goodrich 
Collegiate Inventors Award (1994), an Alfred P. 
Sloan Foundation Fellowship (1995-1997), the 
American Chemical Society Nobel Laureate 
Signature Award for Graduate Education in 
Chemistry (1996), a John Simon Guggenheim 
Memorial Foundation Fellowship (1997), and a 
National Science Foundation Creativity Award 
(1997-1999), among others. He was elected a Fellow 
of the American Association for the Advancement of 
Science (2000), the American Physical Society 
(2002), the American Vacuum Society (2007), the 
American Chemical Society (2010), the American 
Academy of Arts and Sciences (2014), and an 
Honorary Fellow of the Chinese Chemical Society 
(2010). He was also elected a senior member of the 
IEEE (2009). He received Penn State’s University 
Teaching Award from the Schreyer Honors College 
(2004), was named one of two Nanofabrication 
Fellows at Penn State (2005), and won the Alpha 
Chi Sigma Outstanding Professor Award (2007). He 
was a visiting professor at the University of 
Washington, Department of Molecular 
Biotechnology from 1996 to 1997 and at the Kyoto 
University, Electronic Science and Engineering 
Department and Venture Business Laboratory in 
1998 and 2000. Weiss was a member of the U.S. 
National Committee to the International Union of 
Pure and Applied Chemistry (2000-2005). He has 
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been the Technical Co-chair of the Foundations of 
Nanoscience Meetings, Thematic Chair of the 
Spring 2009 American Chemical Society National 
Meeting, and the Chair of the 2009 International 
Meeting on Molecular Electronics. He served as 
director of the California NanoSystems Institute at 
UCLA (2009-2014). He was the Senior Editor of 
IEEE Electron Device Letters for molecular and 
organic electronics (2005-2007), and is the founding 
Editor-in-Chief of ACS Nano (2007-present). At 
ACS Nano, he won the Association of American 
Publishers, Professional Scholarly Publishing 
PROSE Award for 2008, Best New Journal in 
Science, Technology, and Medicine, and ISI’s 
Rising Star Award a record ten times. 

SPEAKER BIOGRAPHIES 

Andrew Borovik, Ph.D., University of California, 
Irvine 

Andrew Borovik, Ph.D., was born and raised in 
Chicago, Illinois, and obtained his B.S. degree in 
chemistry from Humboldt State University, in 
Arcata, California, in 1981. In 1986, he received his 
Ph.D. from the University of North Carolina-Chapel 
Hill, under Professor Tom Sorrell. Dr. Borovik has 
held postdoctoral positions with Larry Que at the 
University of Minnesota as an NIH fellow from 
1986 to 1988 and Ken Raymond at the University of 
California, Berkeley, from 1990 to 1992. He has 
been on the faculty at Ithaca College, Kansas State 
University, the University of Kansas, and the 
University of California, Irvine, where he is 
currently a professor. His research group has been 
developing new approaches in molecular design to 
prepare synthetic constructs that emulate the 
properties of protein active sites. Protein active sites 
have unique architectural features that control the 
immediate environment surrounding metal ions 
(microenvironment). These features, in turn, are 
instrumental in controlling protein activity, much of 
which has not yet been achieved in synthetic 
systems. Noncovalent interactions, particularly 
hydrogen bonds, have been implicated as key 
regulators of microenvironmental properties. 
However, little is known about how hydrogen bonds 
are able to influence metal-mediated processes. By 
establishing noncovalent interactions that promote 
the activation of small molecules, his group can 
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control the secondary coordination sphere of metal 
complexes.  

Jim De Yoreo, Ph.D., Pacific Northwest National 
Laboratory (PNNL) 

Jim De Yoreo is Chief Scientist for Materials 
Synthesis and Simulation Across Scales at PNNL 
and an affiliate professor of materials science and 
engineering at the University of Washington. He 
received his Ph.D. in physics from Cornell 
University in 1985. Following postdoctoral work at 
Princeton University, he became a member of the 
technical staff at Lawrence Livermore National 
Laboratory (LLNL) in 1989, where he held 
numerous positions including Director of the 
Biosecurity and Nanosciences Laboratory, and 
Deputy Director of the Laboratory Science and 
Technology Office. He joined Lawrence Berkeley 
National Laboratory in 2007 where he served as 
deputy and interim director of the Molecular 
Foundry. De Yoreo is a member of the MRS, APS, 
ACS, and the AACG. He is an editor for Bioinspired 
Materials, associate editor-in-chief for Frontiers of 
Materials Science, and a member of the Executive 
Committee of the International Organization for 
Crystal Growth (IOCG). He has served as president 
and board member of the Materials Research Society 
and on committees for the National Academy of 
Sciences, the Department of Energy, and the U.S. 
Congress. De Yoreo’s research has spanned a wide 
range of materials-related disciplines, focusing most 
recently on in situ AFM and TEM investigations of 
interactions, assembly, and crystallization in 
biomolecular and biomineral systems. De Yoreo has 
authored, coauthored, or edited over 195 
publications and patents. He is a recipient of the 
IOCG’s Laudise Prize, the AACG Crystal Growth 
Award, an R&D 100 Award, and the LLNL Science 
and Technology Award, and is a Fellow of the APS 
and the MRS. 

John Spencer Evans, D.D.S., Ph.D., New York 
University 

Dr. Evans received his B.S. degree at 
Northwestern University and his D.D.S. degree at 
the University of Illinois in 1982. After completing 
residency fellowships at Northwestern University 
Medical Center and the University of Southern 
California Medical Center, he obtained his Ph.D. in 
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chemistry at California Institute of Technology in 
1993. He is currently a professor at the Center for 
Skeletal Sciences, New York University, and his 
research emphasis is on protein-mediated 
biomineralization phenomena. 

Alexander C. Gagnon, Ph.D., University of 
Washington 

Alexander C. Gagnon received his B.S. and B.A. 
degrees from the University of California, Berkeley, 
in 2002. Remaining on the West Coast, he 
completed his doctorate studies under Professor Jess 
Adkins and Douglas Rees at California Institute of 
Technology with a thesis entitled, “Geochemical 
Mechanisms of Biomineralization from Analysis of 
Deep-Sea and Laboratory Cultured Corals” in 2010. 
From 2010 to 2013 Dr. Gagnon held a postdoctoral 
fellowship at the Lawrence Berkeley National 
Laboratory with Donalad De Paolo and James De 
Yoreo. Gagnon was appointed assistant professor in 
the School of Oceanography at the University of 
Washington in 2013, where he is currently. 

Pupa Gilbert, Ph.D., University of Wisconsin-
Madison 

Trained in physics at the First University of 
Rome “La Sapienza” with Filippo Conti (chemistry, 
physical chemistry) and Tiziana Parasassi (biology, 
biochemistry), Pupa Gilbert has 30 years of 
experience in the fascinating field of biophysics. She 
has been a staff scientist at the Italian CNR in 1988‐
1999, and at the Swiss Institute of Technology in 
1994‐1998, until she joined the physics department 
at University of Wisconsin‐Madison in 1999 as a 
full professor. She won many awards in Italy, the 
United States, and internationally. She served as 
scientific director of the Synchrotron Radiation 
Center in 2002‐2006, on the Scientific Advisory 
Committee of the Canadian Light Source in 2004‐
2009, and as chair of the Division of Biological 
Physics of the American Physical Society (APS) in 
2010-2014. She is a fellow of the APS and of the 
Radcliffe Institute for Advanced Study at Harvard 
University.  

Sharon Glotzer, Ph.D., University of Michigan 

Dr. Glotzer is the Stuart W. Churchill Collegiate 
Professor of Chemical Engineering, and professor of 
materials science and engineering, physics, applied 
physics, and macromolecular science and 
engineering at the University of Michigan in Ann 
Arbor. She is member of the National Academy of 
Sciences, and a fellow of the American Academy of 
Arts and Sciences, the American Physical Society, 
and the American Association for the Advancement 
of Science. She received a B.S. degree from the 
University of California, Los Angeles, and a Ph.D. 
degree from Boston University, both in physics. 
Prior to joining the University of Michigan in 2001 
she worked for 8 years in the Materials Science & 
Engineering Laboratory at the National Institute of 
Standards and Technology (NIST) as co-founder and 
Director of the NIST Center for Theoretical and 
Computational Materials Science. Glotzer’s research 
on computational assembly science and engineering 
aims toward predictive materials design of colloidal 
and soft matter, with current emphasis on shape, 
packing, and assembly pathways. She has nearly 200 
refereed publications and has presented over 300 
plenary, keynote, and invited talks around the world. 
Glotzer was the recipient of the Charles M.A. Stine 
Award in Materials Science and Engineering from 
the American Institute of Chemical Engineers, holds 
a National Security Science and Engineering Faculty 
Fellowship from the Office of the Secretary of 
Defense, and was named a 2012 Simons 
Investigator. 

Cynthia Jenks, Ph.D., The Ames Laboratory 

Dr. Cynthia Jenks is the assistant director for 
Scientific Planning and the division director of 
Chemical and Biological Science at the Ames 
Laboratory. She received her B.S. in chemical 
engineering in 1986 from the University of 
California, Los Angeles. She received an M.S. 
degree in chemical engineering in 1988 and a Ph.D. 
in chemistry from Columbia University in 1992. She 
did her postdoctoral work at Iowa State University 
and the U.S. Department of Energy’s Ames 
Laboratory. She joined the scientific staff of the 
Ames Laboratory in 1995. Her research interests are 
in the areas of surface structure and reactivity, 
surface structure–property relationships, catalysis, 
and thin-film growth. She is a Fellow of the 
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American Association for the Advancement of 
Science. 

Erwin London, Ph.D., Stony Brook University 

Dr. London received his B.A. at Queens College 
of the City University of New York in 1974 and 
completed his Ph.D. at Cornell University in 1980. 
After completing his Ph.D., London accepted a 
postdoctoral fellowship at Massachusetts Institute of 
Technology from 1980 to 1982. Since then, he has 
been a part of the faculty at Stony Brook University. 
He is currently professor in the Department of 
Biochemistry and Cell Biology and has a joint 
appointment in the Department of Chemistry. His 
research group studies biomembrane protein 
structure and function and biomembrane lipid and 
protein organization by combining spectroscopic 
methods, such as fluorescence, with chemical, 
biochemical, immunochemical, and molecular 
biological approaches. Recent studies have 
concentrated upon understanding the organization of 
biomembranes into domains with distinct lipid and 
protein compositions. Biomembrane lipid 
segregation into domains of high structural order 
(lipid rafts) and lower structural order (liquid 
disordered domains) has become an important focus 
of cell membrane studies. Lab studies aim at 
defining the principles that underlie domain 
formation and developing methods to detect such 
domains in cells. To aid in this, the lab has 
developed a model biomembrane vesicle system that 
for the first time efficiently reproduces the lipid 
asymmetry (difference in lipid chemical 
composition) in the inner (cytoplasmic) and outer 
(exofacial) monolayers found in the lipid bilayers of 
many cell membranes. 

Yi Lu, Ph.D., University of Illinois, Urbana-
Champaign 

Dr. Yi Lu received his B.S. degree from Peking 
University in 1986, and his Ph.D. degree from the 
University of California, Los Angeles, in 1992 under 
Professor Joan S. Valentine. After 2 years of 
postdoctoral research in Professor Harry B. Gray’s 
group at the California Institute of Technology, Dr. 
Lu started his own independent career in the 
Department of Chemistry at the University of 
Illinois at Urbana-Champaign in 1994. He is now 

Appendix C 

Jay and Ann Schenck Professor of Chemistry in the 
Departments of Chemistry, Biochemistry, 
Bioengineering and Materials Science and 
Engineering. He is also a member of the Center for 
Biophysics and Computational Biology and 
Beckman Institute for Advanced Science and 
Technology. His research interests lie at the interface 
between chemistry and biology. His group is 
developing new chemical approaches to provide 
deeper insight into biological systems. At the same 
time, they take advantage of recently developed 
biological tools to advance many areas in chemistry. 
Specific areas of current interests include (a) design 
and engineering of functional metalloproteins as 
environmentally benign catalysis in renewable 
energy generation and pharmaceuticals; (b) 
fundamental understanding of DNAzymes and their 
applications in environmental monitoring, medical 
diagnostics, and targeted drug delivery; and (c) 
employing principles from biology for directed 
assembly of nanomaterials with controlled 
morphologies and its applications in imaging and 
medicine. 

Andrew Madden, Ph.D., University of Oklahoma 

Dr. Andrew Elwood Madden is an associate 
professor in the School of Geology and Geophysics 
at the University of Oklahoma where he co-directs 
the Physical and Environmental Geochemistry 
Laboratory and directs the powder x-ray diffraction 
laboratory. His B.S. degree in geology from 
Michigan State University was followed by a Ph.D. 
in geochemistry from Virginia Tech while holding 
an NSF Graduate Research Fellowship and 
postdoctoral research at Oak Ridge National 
Laboratory. In recent years, his research on 
nanoparticulate minerals ranged from fundamental 
studies comparing the size-dependent reactivity of 
nanoparticulate minerals in the lab and field, the 
formation of nanoparticulate phases of radionuclides 
and metals for groundwater remediation, the 
frictional properties of nanoparticulate rock gouge 
that control the behavior of fault zones in 
earthquakes, to nanodiamonds in natural sediments 
as possible indicators of an impact event at the 
Younger Dryas boundary, and analog studies of 
nanoparticulate iron oxide minerals that constrain 
the history of water on Mars. He also teaches 
courses such as physical geology, environmental 
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geology, minerals and the environment, and clay 
mineralogy. 

William Noid, Ph.D., Pennsylvania State University 

William Noid received his B.S. degree from the 
University of Tennessee in 2000. He moved to 
Ithaca to complete his Ph.D. at Cornell University in 
2005 for research in quantum-classical theories of 
nonlinear spectroscopy. He was an NIH NRSA 
postdoctoral fellow at the University of Utah, where 
he worked on multiscale modeling theories with 
Professor G.A. Voth. He started as an assistant 
professor at Penn State in 2007 and was promoted to 
associate professor in 2013. His research at Penn 
State addresses theories for multiscale modeling, 
glycoprotein biophysics, and intrinsically disordered 
proteins. This work has been recognized by an ACS 
Hewlett Packard Outstanding Junior Faculty Award, 
an Alfred P Sloan Foundation fellowship, a Camille 
Dreyfus Teacher-Scholar award, and an NSF Career 
award. 

Klaus Schulten, Ph.D., University of Illinois at 
Urbana-Champaign 

Klaus Schulten holds a Diplom degree in 
physics from the University of Muenster, Germany 
(1969), and a Ph.D. in chemical physics from 
Harvard University (1974). He was junior group 
leader at the Max-Planck-Institut for Biophysical 
Chemistry from 1974 to 1980, and professor of 
theoretical physics at the Technical University of 
Munich from 1980 to 1988. Schulten came to the 
University of Illinois in 1988, and in 1989 joined the 
Beckman Institute and founded the Theoretical and 
Computational Biophysics Group, which operates 
the NIH Center for Macromolecular Modeling and 
Bioinformatics. Since 2008 he is co-director of the 
NSF-funded Center for the Physics of Living Cells. 
Schulten's awards and honors include a Blue Waters 
Professorship, National Center for Supercomputing 
Applications (2014); Professorship, University of 
Illinois Center for Advanced Study (2013); 
Distinguished Service Award, Biophysical Society 
(2013); IEEE Computer Society Sidney Fernbach 
Award (2012); Fellow of the Biophysical Society 
(2012); Award in Computational Biology (2008); 
Humboldt Award of the German Humboldt 
Foundation (2004); University of Illinois Scholar 
(1996); Fellow of the American Physical Society 

(1993); and Nernst Prize of the Physical Chemistry 
Society of Germany (1981). 

Wendy Shaw, Ph.D., Pacific Northwest National 
Laboratory (PNNL) 

Dr. Wendy Shaw received her B.A. in chemistry 
from Whitman College in Walla Walla, Washington, 
and obtained her Ph.D. at the University of 
Washington in 2000. Soon after, she landed a 
position at Pacific Northwest National Laboratory in 
Washington state, where her research interests are in 
the areas of catalysis and biomineralization. In 
catalysis, she is interested in understanding the 
contribution of the outer coordination sphere to 
organometallic catalysis by incorporating enzymatic 
features of the protein scaffold into homogeneous 
catalysts. The features of the outer coordination 
sphere being investigated include dynamics, the 
local environment around the active site and the 
function of proton channels. Dynamics are being 
studied with novel stimuli controlled ligands for 
catalyst control, development, and recovery. The 
role of the environment around the active site and 
the role of proton channels are being investigated 
with a combined computational and experimental 
approach building around nickel-based hydrogen 
production/oxidation catalysts which mimic 
hydrogenase enzymes. Her interests in 
biomineralization processes include developing a 
fundamental understanding of protein–surface 
interfaces and biomineralization processes using 
solid-state NMR dipolar recoupling techniques, 
neutron reflectivity, and physical chemistry 
methods, specifically, elucidating the protein 
structure, protein orientation and nucleation and 
growth mechanisms of naturally occurring 
biominerals. Broader implications include 
understanding nonnatural systems such as protein– 
polymer interactions, coatings, and tissue 
engineering. She has received several honorable 
awards including the Graduate Fellowship, 
Associated Western Universities from 1996 to 2000, 
Outstanding Performance Awards, PNNL, the DOE 
Early Career Program Grant, 2010, and was selected 
to attend the U.S.-Indonesia Symposium in 2011. 
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Peter Stair, Ph.D., Northwestern University 

Peter C. Stair is the John G. Searle Professor of 
Chemistry and chair of the Department of Chemistry 
at Northwestern University. He received a B.S. in 
chemistry from Stanford University in 1972 and a 
Ph.D. from the University of California, Berkeley, in 
1977 under the supervision of Gabor Somorjai. He 
has been on the faculty at Northwestern University 
since 1977. From 1997 to 2012 he was director of 
the Northwestern University Center for Catalysis 
and Surface Science. He is director of the institute 
for catalysis in energy processes, a senior scientist in 
the Chemical Sciences and Engineering Division at 
Argonne National Laboratory, and Deputy Director 
of the Energy Frontier Research Center: Institute for 
Atom-efficient Chemical Transformations. His 
research interests are in the synthesis, 
characterization, and physical properties of 
heterogeneous catalysts. He has worked in surface 
science and in situ Raman spectroscopy. His goal is 
to develop fundamental understanding in catalysis 
science that leads to advances in industrial chemistry 
and energy technology. He is a past recipient of the 
Alexander von Humboldt Senior Scientist Award 
and recipient of the 2010 ACS George Olah Award 
in Hydrocarbon or Petroleum Chemistry. 

Gregory Voth, Ph.D., University of Chicago 

Dr.Voth is the Haig P. Papazian Distinguished 
Service Professor of Chemistry at the University of 
Chicago. He is also a professor of the James Franck 
Institute and the Institute for Biophysical Dynamics, 
as well as a senior fellow of the Computation 
Institute. He received a Ph.D. in theoretical 
chemistry from the California Institute of 
Technology in 1987 and was an IBM postdoctoral 
fellow at the University of California, Berkeley, 
from 1987 to 1989. He is the author or coauthor of 
approximately 425 peer-reviewed scientific articles, 
with an h-index of 78 and more than 22,000 
citations. Voth is a fellow of the American Chemical 
Society, American Physical Society, The 
Biophysical Society, and the American Association 
for the Advancement of Science. He has received a 
number of awards and other forms of recognition for 
his work, including most recently the American 
Chemical Society Division of Physical Chemistry 
Award in Theoretical Chemistry and Election to the 
International Academy of Quantum Molecular 
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Science, both in 2013. He has proudly mentored 
more than 160 postdoctoral fellows and 
graduate students.  

Professor Voth is a leader in the development 
and application of theoretical and computational 
methods to study problems involving the structure 
and dynamics of complex condensed phase systems, 
including proteins, membranes, liquids, and 
materials. He has pioneered a method known as 
“multiscale coarse graining” in which the resolution 
of the molecular-scale entities is reduced into 
simpler structures, but key information on their 
interactions is accurately retained (or renormalized) 
so the resulting computer simulation can accurately 
and efficiently predict the properties of large 
assemblies of complex molecules such as lipids and 
proteins. This method is multiscale, meaning it 
describes complex condensed phase and 
biomolecular systems from the molecular scale to 
the mesoscale and ultimately to the macroscopic 
scale. Professor Voth’s other research interests 
include the study of charge transport (protons and 
electrons) in water and biomolecules—a 
fundamental process in living organisms and other 
systems that has been poorly understood because of 
its complexity. He also studies the exotic behavior of 
room-temperature ionic liquids and other complex 
materials such a nanoparticle self-assembly, polymer 
electrolyte membranes for fuel cells, and electrode– 
electrolyte interfaces in energy storage devices. In 
the earlier part of his career, Professor Voth 
extensively developed and applied new methods to 
study quantum and electron transfer dynamics in 
condensed phase systems. Much of this work was 
based on the Feynman path integral description of 
quantum mechanics. 

Aaron Wheeler, Ph.D., University of Toronto 

Dr. Wheeler completed his Ph.D. in chemistry in 
2003, working with Dick Zare at Stanford 
University. After graduating, Aaron spent 2 years as 
an NIH postdoctoral fellow at UCLA. Since 2005, 
Aaron has been the Canada Research Chair of 
Bioanalytical Chemistry at the University of 
Toronto, with a primary appointment in the 
Chemistry Department and cross-appointments at 
the Institute for Biomaterials and Bioengineering 
and the Banting and Best Department of Medical 
Research. Wheeler has been recognized 
internationally with a number of awards, including 
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the Merck GmbH H.E.M. Prize and the American 
Chemical Society Arthur F. Findeis Award, and he 
is an Associate Editor of Lab on a Chip. 

Benjamin Wilhite, Ph.D., Texas A&M University 

Dr. Wilhite completed his doctoral research at 
Notre Dame. His focus included emphasizing reactor 
design and multiphase flow. From there, he moved 
to Boston, Massachusetts, to complete a postdoctoral 
fellowship at MIT where he focused upon catalytic 
microreactors and micromembranes for energy 
applications. He began his academic career at the 
University of Connecticut from 2005 to 2010 and is 
currently a professor at Texas A&M University. His 
work centers on understanding interplay between 
transport phenomena, materials science, and 
catalysis for designing membranes and 
microreactors for natural gas processing. 

Todd Yeates, Ph.D., University of California, Los 
Angeles 

Yeates earned his bachelor's degree at UCLA in 
1983. He stayed on at UCLA and earned his Ph.D. in 
1988 while doing research under the direction of 
Professor Douglas Rees. There he helped determine 
the crystal structure of the bacterial photosynthetic 
reaction center as part of a team racing to determine 
the first crystal structures of membrane proteins. He 
then moved to The Scripps Research Institute to do 
his postdoctoral research on the structure of 
poliovirus with Professor James Hogle. Yeates 
returned to UCLA in 1990 to join the faculty in the 
Department of Chemistry and Biochemistry. His 
interdisciplinary research, combining molecular 
biology with computing and mathematics, has 
focused on structural, computational, and synthetic 
biology. 

Past research findings in the Yeates lab include 
an explanation for why proteins crystallize in certain 
favored arrangements, with implications for the 
development of racemic macromolecular 
crystallography; the development of equations for 
detecting disorder in x-ray diffraction data from 
protein crystals; the discovery that certain 
thermophilic microbes are rich in intracellular 
disulfide bonds; development of comparative 
genomics methods; and the discovery of novel 
topological features such as links and slipknots, with 
implications for protein folding landscapes. Recent 

work has focused on giant protein assemblies, both 
natural and designed. In the area of giant natural 
protein assemblies, Yeates' group has pioneered the 
structural biology of the carboxysome and related 
bacterial microcompartments. These are primitive 
metabolic organelles in many bacteria, wherein a 
protein shell (reminiscent of a viral capsid) encloses 
a series of enzymes in order to sequester a sensitive 
pathway within the bacterial cell. In the area of 
designed protein assemblies, Yeates' group has laid 
out symmetry-based strategies for engineering novel 
protein molecules to self-assemble into precisely 
defined symmetric nanocages and materials, and has 
demonstrated their successful application to creating 
cubic assemblies on the 15- to 20-nm scale. Yeates 
is a member of the Molecular Biology Institute, the 
California Nanosystems Institute, the UCLA-DOE 
Institute of Genomics and Proteomics, and a Fellow 
of the American Association for the Advancement of 
Science. 

ORGANIZING COMMITTEE MEMBER 
BIOGRAPHIES 

Miguel Garcia-Garibay* (co-chair) has been a 
faculty member in the Department of Chemistry and 
Biochemistry since 1992. He came to UCLA after 
doing postdoctoral research at Columbia University, 
which followed his Ph.D. studies at the University of 
British Columbia, in Canada. The earlier portions of 
Dr. Garcia-Garibay’s education were completed in 
his native Mexico, at the Universidad Michoacana, 
where he did research on natural product isolation 
and characterization. Dr. Garcia-Garibay was 
promoted to full professor in the year 2000 and he 
has served as Vice Chair for Education in the 
Department of Chemistry and Biochemistry since 
2005. Dr. Garcia-Garibay is a member of the 
editorial board of the Journal of the American 
Chemical Society and the Journal of Organic 
Chemistry. He has been a member of the CNSI since 
2005. His current research efforts are aimed at the 
development of artificial molecular machinery in 
highly organized crystalline media, and to the 
development of green chemistry by taking advantage 
of organic reactions in molecular nanocrystals. 
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Patricia A. Thiel* (co-chair) is the John D. Corbett 
Professor of Chemistry, and a Distinguished 
Professor of Chemistry and of Materials Science & 
Engineering at Iowa State University. She is also a 
faculty scientist in the Ames Laboratory. She is 
active in research, teaching, and administration. In 
research, she is known for her work in three main 
areas: nanostructure evolution on surfaces, surface 
properties and structures of quasicrystals (a complex 
type of metallic alloy), and the chemistry of water 
adsorbed on metal surfaces. Thiel is an enthusiastic 
teacher of physical chemistry. She has held several 
administrative posts, including chair of the 
Department of Chemistry. Thiel earned her B.A. in 
chemistry from Macalester College, and her Ph.D. in 
chemistry from the California Institute of 
Technology in 1981. After postdoctoral work at the 
University of Munich as a von Humboldt Fellow, 
she joined the technical staff at Sandia National 
Laboratories, Livermore, then moved to Iowa State 
University in 1983. In her early academic career, 
Thiel was recognized with awards from the Camille 
and Henry Dreyfus Foundation and the Alfred P. 
Sloan Foundation, and by a National Science 
Foundation Presidential Young Investigator Award. 
Later, she received the American Chemical 
Society’s Arthur W. Adamson Award, and the 
American Physical Society’s David J. Adler 
Lectureship. She was also named Fellow of several 
societies: the American Association for the 
Advancement of Science, the Materials Research 
Society, the American Physical Society, and the 
American Vacuum Society. 

Vernon Anderson earned a B.S. in chemical 
engineering from the University of Missouri-
Columbia (1977) and a Ph.D. in biochemistry from 
the University of Wisconsin-Madison (1981) 
followed by postdoctoral research at Cornell 
University. He was an assistant professor and 
associate professor of organic chemistry at Brown 
University studying enzymes of fatty acid 
metabolism. After moving to Case Western Reserve 
University as professor of biochemistry and 
chemistry he specialized in using stable isotopes to 
characterize enzyme reactions, metabolism, and 
protein modifications along with continued interests 
in kinetic and spectroscopic analyses of enzyme 
reactions. In 2009 he moved to the NIH to become a 
program director in the Division of Pharmacology, 
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Physiology, and Biological Chemistry where he 
administers grants in the areas of bioinorganic 
chemistry, redox enzymology, mitochondrial 
electron transport, and other aspects of 
bioenergetics. 

Bruce Garrett is responsible for the leadership, 
management, and operations of the Physical 
Sciences Division at Pacific Northwest National 
Laboratory. The focus of research in the division is 
on developing tools and understanding required to 
control chemical and physical processes in 
condensed phases and at complex interfaces. Dr. 
Garrett has been involved in research in the field of 
theoretical physical chemistry since the 1970s. His 
major research accomplishments have been in the 
area of reaction rate theory, including the 
development of theoretical methods for predicting 
rates of chemical reactions. This research 
contributed to the development of variational 
transition state theory into a practical, reliable 
method for including important quantum mechanical 
effects into calculations of rate constants for gas-
phase chemical reactions. Dr. Garrett’s research 
focus in the past several years has been to extend 
these methods to treat chemical reactions in 
condensed phase and interfacial systems. His current 
research interests include developing theoretical 
methods for including the effects of molecular 
environment (liquids, solids, and interfaces) on the 
rates of chemical reaction, advancing molecular 
theories to describe the kinetics of gas-to-particle 
nucleation, and understanding the molecular-level 
structure and energetics of liquid interfaces that will 
allow a detailed description of the transfer of 
molecules between phases. Before joining PNNL in 
1989, Dr. Garrett cofounded Chemical Dynamics 
Corporation where he managed and conducted 
fundamental research. At PNNL, he was Technical 
Group Leader for Molecular Theory & Modeling 
from 1989 to 2002, and Associate Director for 
Molecular Interactions & Transformations from 
2002 to 2005, before becoming Director of the 
Physical Sciences Division. 
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Jennifer Sinclair Curtis* is Distinguished Professor 
of Chemical Engineering and Associate Dean for 
Research in the College of Engineering at the 
University of Florida (UF). Professor Curtis received 
a B.S. in chemical engineering from Purdue 
University (1983) and a Ph.D. in chemical 
engineering from Princeton University (1989). She 
has an internationally recognized research program 
in the development and validation of numerical 
models for the prediction of particle flow 
phenomena. She is the coauthor of over 100 
publications and has given over 160 invited lectures 
at universities, companies, government laboratories, 
and technical conferences. Professor Curtis is a 
recipient of a Fulbright Senior Research Scholar 
Award, an NSF Presidential Young Investigator 
Award, the American Society of Engineering 
Education’s (ASEE’s) Chemical Engineering 
Lectureship Award, the Eminent Overseas 
Lectureship Award by the Institution of Engineers in 
Australia, the ASEE’s Sharon Keillor Award for 
Women in Engineering, and the AIChE Fluidization 
Lectureship Award. She currently serves on the 
Governing Board of the Council for Chemical 
Research and as co-chair of the National Academies’ 
Chemical Sciences Roundtable. She is also associate 
editor of the AIChE Journal and on the editorial 
advisory board of Industrial & Engineering 
Chemistry Research, Powder Technology, and 
Chemical Engineering Education. She has served on 
the National Academy of Engineering’s (NAE’s) 
Committee on Engineering Education and has 
participated in two NAE Frontiers of Research 
Symposiums (2003 and 2008). She is a Fellow of 
AAAS, AIChE, and ASEE. 

*Denotes member of the Chemical Sciences 
Roundtable 
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Co-chair 
Jennifer S. Curtis, University of Florida 

Committee Members 
Michael R. Berman, Air Force Office of Scientific Research 
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Miguel Garcia-Garibay, University of California, Los Angeles 
Sean Jones, Office of Science and Technology Policy 
Jack Kaye, National Aeronautics and Space Administration 
JoAnn S. Lighty, National Science Foundation 
Kenneth G. Moloy, DuPont Company Experimental Station 
Robert Peoples, American Carpet Institute 
Tanja Pietrass, U.S. Department of Energy 
Michael E. Rogers, National Institute of General Medical Sciences 
Patricia A. Thiel, Ames Laboratory and Iowa State University 

Workshop Co-organizers 
Vernon Anderson, National Institutes of Health 
Bruce Garrett, Pacific Northwest National Laboratory 

Plenary Speaker 
Paul Weiss, University of California, Los Angeles 

Session Speakers 
Andrew Borovik, University of California, Irvine 
Jim De Yoreo, Pacific Northwest National Laboratory 
John S. Evans, New York University 
Alex Gagnon, University of Washington 
Pupa Gilbert, University of Wisconsin, Madison 
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Doug Ray, Pacific Northwest National Laboratory 
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Wendy Shaw, Pacific Northwest National Laboratory 
Peter Stair, Northwestern/Argonne National Laboratory 
Aaron Wheeler, University of Toronto 
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Andrew McGill, Naval Research Laboratory 
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NRC Staff 
Teresa Fryberger, Director, Board on Chemical Sciences and Technology 
Kathryn Hughes, Sr. Program Officer, Board on Chemical Sciences and Technology 
Douglas Friedman, Sr. Program Officer, Board on Chemical Sciences and Technology 
Camly Tran, Postdoctoral Fellow, Board on Chemical Sciences and Technology  
Elizabeth Finkelman, Program Coordinator, Board on Chemical Sciences and Technology 
Cotilya Brown, Senior Program Assistant, Board on Chemical Sciences and Technology 
Joe Alper, Consulting Writer 




	FrontMatter
	Acknowledgment of Reviewers
	Contents
	Acronyms and Abbreviations
	1 Introduction and Overview
	2 Growing (Up) from the Nanoscale to the Mesoscale
	3 Catalysis
	4 Membrane Behavior and Microchemical Systems
	5 Biomineralization and Geochemical Processes
	6 Computational/Chemical Processes in Self-Assembly
	References
	Appendix A: Workshop Agenda
	Appendix B: About the Chemical Sciences Roundtable
	Appendix C: Biographical Sketches of Workshop Speakers and Organizing Committee Members
	Appendix D: Workshop Attendees


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


